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ABSTRACT  
   
Sunlight, the most abundant source of energy available, is diffuse and intermittent; 
therefore it needs to be stored in chemicals bonds in order to be used any time. Photosynthesis 
converts sunlight into useful chemical energy that organisms can use for their functions. Artificial 
photosynthesis aims to use the essential chemistry of natural photosynthesis to harvest solar 
energy and convert it into fuels such as hydrogen gas. By splitting water, tandem 
photoelectrochemical solar cells (PESC) can produce hydrogen gas, which can be stored and 
used as fuel. Understanding the mechanisms of photosynthesis, such as photoinduced electron 
transfer, proton-coupled electron transfer (PCET) and energy transfer (singlet-singlet and triplet-
triplet) can provide a detailed knowledge of those processes which can later be applied to the 
design of artificial photosynthetic systems. This dissertation has three main research projects. 
The first part focuses on design, synthesis and characterization of suitable photosensitizers for 
tandem cells. Different factors that can influence the performance of the photosensitizers in 
PESC and the attachment and use of a biomimetic electron relay to a water oxidation catalyst are 
explored. The second part studies PCET, using Nuclear Magnetic Resonance and computational 
chemistry to elucidate the structure and stability of tautomers that comprise biomimetic electron 
relays, focusing on the formation of intramolecular hydrogen bonds. The third part of this 
dissertation uses computational calculations to understand triplet-triplet energy transfer and the 
mechanism of quenching of the excited singlet state of phthalocyanines in antenna models by 
covalently attached carotenoids. 
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CHAPTER 1 
INTRODUCTION 
Sunlight, the most abundant source of energy available, is diffuse and intermittent; 
therefore it needs to be stored in chemicals bonds in order to be used any time. Photosynthesis 
converts sunlight into useful chemical energy that organisms can use for their activities. Solar 
energy is stored as carbohydrates, lipids or hydrogen gas. Artificial photosynthesis aims to use 
the essential chemistry of natural photosynthesis to harvest solar energy and convert it into fuels 
such as hydrogen gas.1-3 Understanding photosynthetic mechanisms provide applicable 
knowledge to improve artificial photosynthetic devices such as photoelectrochemical solar cells 
(PESC). 
The first step of photosynthesis is sunlight absorption, which is converted into excited 
energy to carry out the charge and energy transfer reactions in the photosynthetic machinery.4 
The excitation process in reaction centers, leads to a photoinduced electron transfer from the 
photosensitizer to an electron acceptor. The oxygen evolving complex is where water splitting into 
oxygen gas and protons occurs. 2 Chapter 2 covers the synthesis of artificial reaction centers 
used for PESC, a biomimetic redox mediator involved in the charge transfer chain and iridium 
oxide colloidal nanoparticles used as water oxidation catalysts. 
Water splitting in photosynthetic organisms occurs in photosystem II, where a proton-
coupled electron transfer (PCET) between tyrosine (Yz) and histidine (His190) is responsible for 
the oxidative activation of the oxygen evolving complex (OEC). After excitation of chlorophyll 
P680, 1P680 undergoes an oxidative quenching through electron transfer to pheophytin. P680+ is a 
powerful oxidant and can drive the water oxidation in OEC (Mn4 cluster) 5,6,7 Figure 1 shows the 
thermodynamically favored reaction when the tyrosine is oxidized by P680+ and proton is 
transferred to His(190).  
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Figure 1. Structure of the reaction center of photosystem II and the sequence of electron transfer 
events induced by light absorption and sensitization. 5 
Biomimetic redox relays can be synthesized to study PCET. Benzimidazole-phenols 
(BIP) derivatives are appropriate biomimetic molecules, the His(190) is modeled by the 
benzimidazole moiety while the phenol in tyrosine Yz is modeled by the phenol moiety (see 
Figure 2). BIP derivatives are designed to achieve the intramolecular hydrogen bond necessary 
for PCET, mimicking the Yz-His(190) pair in PSII.8 Chapter 3 studies the electron transfer 
pathway in an artificial reaction center, using a high potential porphyrin (PF10) as reaction center, 
TiO2 nanoparticles as electron acceptor and a BIP moiety attached to PF10 as biomimetic relay for 
PCET. Chapter 4 covers the implementation of BIP moiety in PESC and the effect in photocurrent 
density, showing the importance of an electron relay between the water oxidation catalyst and the 
reaction center. Chapter 5 shows the NMR and computational studies for structural elucidation of 
BIP tautomers with multiple internal hydrogen bonds, in an attempt to understand the strength 
and difference of such intramolecular hydrogen bonds. 
 
Figure 2. Structure of benzimidazole phenol (BIP). His(190) is modeled by the benzimidazole 
moiety while the phenol in tyrosine Yz is modeled by the phenol moiety. 
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After excitation, singlet chlorophyll 1Chl* can undergo intersystem crossing to yield triplet 
chlorophyll 3Chl*, which can sensitize singlet oxygen 1O2*, which is a very reactive species.9 
Carotenoids are involved in photoregulation, photoprotection and harvest light in a different region 
of the visible light than chlorophylls.10,11 There are four pathways to dissipate the energy excess 
in reaction centers and antennas: fluorescence, photochemical quenching (qP), non-
photochemical quenching (NPQ) and triplet-triplet energy transfer T-TET (Figure 3). Chapter 6 
consists of DFT studies of phthalocyanine-carotenoid dyads quenching mechanisms (T-TET and 
NPQ), noticing that small structural differences have significant effect on the energy transfer rate 
(chapter 6.1) and the pathway by which the energy is dissipated (chapter 6.2). 
 
Figure 3. Possible pathways for excited Chl quenching. 1) Fluorescence, 2) photochemical 
quenching, 3) non photochemical quenching (NPQ), and 4) intersystem crossing. 
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CHAPTER 2 
DESIGN AND SYNTHESIS OF ARTIFICIAL REACTIONS CENTER AND BIOMIMETIC 
ELECTRON RELAYS 
This chapter presents the design and detailed procedures for the synthesis of 
functionalized high and low potential dyes for photoelectrochemical solar cells (PESC), 
functionalized benzimidazole-phenols as biomimetic electron relays and iridium oxide 
nanoparticles as water oxidation catalysts. 
 
Figure 4. Synthetic scheme for high potential porphyrins. 
 
2.1. Synthesis of Functionalized High Potential Dyes 
 
5-(Pentafluorophenyl)dipyrromethane (F5-DPM)Following a procedure from the literature12, 
freshly distilled pyrrole (25 mL) was mixed with 1 mL of pentafluorobenzaldehyde and the mixture 
was degassed with argon for 10 min. A portion of 60 µL of TFA was added and the solution 
changed color to orange. The reaction was left stirring for 1 h under argon, then 50 mL of 
dichloromethane (DCM) were added and the organic phase was washed with a solution of NaOH 
0.1 M (3 X 15 mL) and later with water (2 X 75mL). The organic phase was dried over MgSO4. 
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The solvents were evaporated under reduced pressure and the product was purified in a silica 
column with hexanes as eluent and gradually increasing the polarity to 20% ethyl acetate in 
hexanes. The product was recrystallized with DCM/hexanes yielding 1.28 g of the final product. 
Yield (51%).  1H NMR (400 MHz, CDCl3, δ ppm): 8.13 (2H, brs, NH), 6.73 (2H, m), 6.16 (2H, m), 
6.02 (2H, brs), 5.90 (1H, brs). 
 
 
5-(4-Carbomethoxyphenyl)-10-20-bis(pentafluorophenyl)-15-(3,5-
ditertbutylphenyl)porphyrin (PF10-COOMe). 
Following a procedure from the literature.13, F5-DPM (800 mg, 2.56 mmoles), 280 mg (1.28 
mmoles) of 3,5-di-tert-butylbenzaldehyde and 211 mg (1.28 mmoles) of 4-
carbomethoxybenzaldehyde were dissolved in 325 mL of chloroform and 2.5 mL of ethanol. The 
solution was degassed for 15 min with argon, then 0.15 mL of BF3OEt2 were added, the solution 
was left stirring for one hour and the reaction became pink gradually. DDQ (0.732 mg, 3.22 
mmoles) was added and the reaction turned brown-black. After 15 h of stirring at room 
temperature, the reaction mixture was filtered through a silica pad, the filtrate was concentrated 
and a silica column with hexane/DCM (9:1) and gradually increasing the polarity until pure DCM 
was used to purify the target compound yielding 220 mg of PF10-COOMe. Yield = 9%. 1H NMR 
(400 MHz, CDCl3, δ ppm): 9 (2H, d, J = 4.6.0 Hz, pyrrolic protons), 8.89 (2H, d, J = 4.6 Hz, 
pyrrolic protons), 8.81 (4H, t, J = 4.6 Hz, pyrrolic protons), 8.47 (2H, d, J = 8.4 Hz, ArH), 8.32 (2H, 
d, J = 7.9 Hz, ArH), 8.07 (2H, d, J = 1.8 Hz, ArH), 7.85 (1H, m, ArH), 4.12 (3H, s, COOCH3), 1.54 
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(9H, s, C(CH3)3), - 2.81 (2H, s, NH). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as 
matrix) 964.43  (M)+, calculated 964.89 for C54H38F10N4O2. 
 
 
5-(4-Carboxyphenyl)-10-20-bis(pentafluorophenyl)-15-(3,5-ditertbutylphenyl)porphyrin 
(PF10-COOH). 
Porphyrin PF10-COOMe (80 mg, 0.083 mmoles) was dissolved in 21 mL of TFA and 42 mL of 
concentrated HCl, the green solution was left refluxing under argon for 48 h. The reaction was 
not finished but no more concentrated HCl could be added without precipitation of the porphyrin, 
so the reaction was cooled down and 30 mL of DCM were added. The acids were removed 
through extraction with water and a saturated solution of sodium bicarbonate. The organic phase 
went from green to purple. It was dried over MgSO4 and the solvents were evaporated under 
reduced pressure. A silica column started with DCM and increasing the polarity to 5% MeOH was 
used to purify the compound. PF10-COOMe was recovered from the first band and the target 
product (PF10-COOH) was collected later yielding 35 mg of the product. Yield = 43%.  MALDI-
TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 950.64 (M)+, calculated 950.86 for 
C53H36F10N4O2. 
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Zinc 5-(4-carboxyphenyl)-10-20-bis(pentafluorophenyl)-15-(3,5-ditertbutylphenyl)porphyrin 
(ZnPF10-COOH). 
PF10-COOH (15 mg, 0.0157mmoles) was dissolved in 10 ml of DCM/MeOH (4:1) and 10 mg 
(0.045mmoles) of zinc acetate. The reaction was left stirring at room temperature for 24 h. The 
reaction was extracted with water to remove the residual zinc acetate, the organic phase was 
dried over MgSO4 and the solvents evaporated under reduced pressure. The product was 
purified over a silica pad with hexanes and DCM. Yield >99%. MALDI-TOF: (positive mode, 1,4-
diphenylbutadiene as matrix) 1012.46 (M)+, calculated 1014.23 for C53H34F10N4O2Zn. 
 
 
5-(4-Carbomethoxyphenyl)-10-20-bis(pentafluorophenyl)-15-(3-formyl-4-hydroxy-5-tert-
butylphenyl)porphyrin (Sald-PF10-COOMe) 
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The procedure for the synthesis of PF10-COOMe was followed. The compound was purified with 
a silica pad using hexanes and DCM as eluents. Yield = 7% (178 mg). 1H NMR (400 MHz, CDCl3, 
δ ppm): 12.23 (1H, s, OH), 10.14 (1H, s, CHO), 8.96 (2H, d, J = 4.8 Hz, pyrrolic protons), 8.90 
(2H, d, J = 4.8 Hz, pyrrolic protons), 8.80 (4H, t, pyrrolic protons), 8.47 (2H, d, J = 8.3 Hz, ArH), 
8.42 (1H, d, J = 2.2 Hz, ArH), 8.31 (2H, brt, ArH), 8.23 (1H, d, J = 2.2 Hz, ArH), 4.13 (3H, s, 
COOCH3), 1.62 (9H, s, C(CH3)3), - 2.82 (2H, s, NH). MALDI-TOF: (positive mode, 1,4-
diphenylbutadiene as matrix) 952.52 (M)+, calculated 952.79 for C51H30F10N4O4.  
 
 
5-(4-Carbomethoxyphenyl)-10-20-bis(pentafluorophenyl)-15-(2’-(3-tert-butyl-2’’-
hydroxyphenyl)benzimidazole)porphyrin (Bip-PF10-COOMe). 
Sald-PF10-COOMe (100 mg, 0.105 moles) was dissolved in 15 mL of nitrobenzene. A solution of 
13 mg of phenylenediamine in 5 mL of nitrobenzene was added drop wise to the porphyrin 
solution while vigorously stirring under an argon atmosphere. The reaction mixture was then 
refluxed at 210˚C in a sand bath for 12 h. After cooling, the reaction was poured onto a silica 
column and flashed with hexanes until all the nitrobenzene was eluded. The product was 
obtained with hexanes/DCM as eluent. Yield = 54% (61 mg). 1H NMR (400 MHz, (CD3)2CO, δ 
ppm): 14.57 (s, 1H, OH); 12.39 (s, 1H, NH); 9.25 (m, 6H, pyrrolic protons); 9.10 (d, 2H, J = 4.6 
Hz, pyrrolic protons); 8.82 (d, 1H, J = 1.8 Hz); 8.46 (m, 4H); 8.39 (d, 1H, J = 2.3 Hz); 7.86 (d, 1H, 
J = 7.86 Hz); 7.50 (d, 1H, J = 7.86 Hz); 7.30 (m, 2H); 4.09 (s, 3H, COOCH3); 1.73 (s, 9H, 
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C(CH3)3); -2.77 (s, 2H, NH). MALDI-TOF (positive mode, 1,4-diphenylbutadiene as matrix) 
1040.43 (M +), calculated 1040.90 for C57H34F10N6O3. 
 
 
5-(4-Carboxyphenyl)-10-20-bis(pentafluorophenyl)-15-(2’-(3-tert-butyl-2’’-
hydroxyphenyl)benzimidazole)porphyrin (Bip-PF10-COOH). 
The procedure for the preparation of PF10-COOH was followed. Yield = 99%. MALDI-TOF 
(positive mode, 1,4-diphenylbutadiene as matrix) 1027.41 (M + H) +, calculated 1026.88 for 
C56H32F10N6O3. 
 
 
Zinc 5-(4-carboxyphenyl)-10-20-bis(pentafluorophenyl)-15-(2’-(3-tert-butyl-2’’-
hydroxyphenyl)benzimidazole)porphyrin (ZnBip-PF10-COOH). 
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The procedure for the preparation of ZnPF10-COOH was followed. Yield > 99%. MALDI-TOF 
(positive mode, 1,4-diphenylbutadiene as matrix) 1088.34 (M +), calculated 1090.24 for 
C56H30F10N6O3Zn. 
 
 
5-(4-Diethyl phenylphosphonate)-10-20-bis(pentafluorophenyl)-15-(3,5-
ditertbutylphenyl)porphyrin (PF10-PO3Et2). 
The procedure for the preparation of PF10COOMe was followed. The mixture of three porphyrins 
was separated with a silica column using DCM and gradually increasing the polarity to 20% ethyl 
acetate in DCM. Yield = 8%. ). 1H NMR (400 MHz, CDCl3, δ ppm): 9 (2H, d, J = 4.9 Hz, pyrrolic 
protons), 8.89 (2H, d, J = 4.9 Hz, pyrrolic protons), 8.81 (4H, t, J = 5.1 Hz, pyrrolic protons), 8.35 
(2H, m, ArH-PO3Et2), 8.24 (2H, m, ArH-PO3Et2), 8.07 (2H, d, J = 1.3 Hz, ArH), 7.85 (1H, ArH), 
4.41 (4H, m, PO3(CH2CH3)2), 1.54 (24H, s, C(CH3)3 and PO3(CH2CH3)2), - 2.82 (2H, s, NH). 
MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 1042.53 (M)+, calculated 1042.94 
for C56H45F10N4O3P.  
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5-(4-Phenylphosphonic acid)-10-20-bis(pentafluorophenyl)-15-(3,5-
ditertbutylphenyl)porphyrin (PF10-PO3H2). 
A portion of 31 mg (0.029 mmoles) of PF10-PO3Et2 was dissolved in 10 mL of DCM and then 
degassed with argon for 10 min, then 120 µL (0.95 mmoles) of trimethylsilyl bromide (TMSBr) 
was added. The reaction became green. The reaction was followed by mass spectroscopy until 
completion. The reaction was stopped with water and neutralize with triethylamine (TEA). The 
organic phase was washed three times with water, dried over Na2SO4 and the solvents 
evaporated under reduced pressure. The solid was redissolved in acetone; a white solid 
appeared and was removed. The porphyrin was then recrystallized with acetone and glycerol. 
Yield > 99% (30 mg). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 986.06 
(M)+, calculated 986.83 for C52H37F10N4O3P. 
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Zinc 5-(4-phenylphosphonic acid)-10-20-bis(pentafluorophenyl)-15-(3,5-
ditertbutylphenyl)porphyrin (ZnPF10-PO3H2). 
The procedure for the preparation of ZnPF10-COOH was followed. Yield > 99%. MALDI-TOF: 
(positive mode, 1,4-diphenylbutadiene as matrix) 1048.51 (M)+, calculated 1050.20 for 
C52H35F10N4O3PZn 
 
2.2. Synthesis of Functionalized Low Potential Dyes 
 
 
Figure 5. Synthetic scheme for phthalocyanines. 
   
 
3,6-Dioctyloxy-1,2-benzenedicarbonitrile (dOctO-BDC). 
A solution of 10 g (62.4 mmoles) of 2,3-dicyanohydroquinone and 25.85 g (187 mmoles) of 
potassium carbonate in DMF (200 mL) was vigorously stirred while 24.14 g (125 mmoles) of 
bromooctane were added. The solution was heated at 60˚C for 36 h, then it was poured into 
water (600 mL) and stirred for 30 min. A white solid was formed, filtered and washed with 
methanol to yield 10 g of the product. 1H NMR (400 MHz, CDCl3, δ ppm): 7.14 (2H, s, ArH), 4.04 
(4H, t, OCH2), 1.83 (4H, m, OCH2CH2CH2), 1.48 (4H, m, aliphatic protons), 1.28 (16H, m, 
aliphatic protons), 0.89 (6H, t, CH3). 
 
+ 
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1,4,8,11,15,18-Hexaoctyloxy-23-iodo-29H,31H-phthalocyanine (Pc-I). 
A portion of dOctO-BDC (1 g, 2.6 mmoles) of and 220 mg (0.86 mmoles) of 4-iodo-1,2-
benzenedicarbonitrile were dissolved in 10 mL of butanol. After the benzenedicarbonitrile was 
dissolved (applying heat was needed), 36 mg (5.14 mmoles) of lithium were added. The mixture 
was left refluxing for 1 h under argon. The reaction was left to cool down and 20 mL of acetic acid 
were added. The reaction was allowed to proceed overnight while stirring. Then, 50 mL of DCM 
were added and the organic phase was washed with water until the acetic acid was completely 
removed. The organic phase was dried over Na2SO4 and the solvent removed under reduced 
pressure. A silica column was performed with toluene and gradually the polarity was increased 
until 20% ethyl acetate in toluene. The desired Pc-I (22 mg, 0.015 mmoles) was obtained with a 
yield of 1.7%. MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 1409.60 (M)+, 
calculated 1409.71 for C80H113IN8O6.     
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1,4,8,11,15,18-Hexaoctyloxy-23-diethyl phosphonate-29H,31H-phthalocyanine (Pc-PO3Et2). 
A portion of 22 mg (0.015 mmoles) of Pc-I was dissolved in 2 mL of dry triethyl amine 
(TEA)/toluene (1:1). The solution was degassed with argon and then 20 µL of diethyl phosphite 
and 10 mg of Pd(Ph3)4 were added. The reaction was heated at 80˚C under argon for 1 hr. After 
the mixture was cooled down, the solids were filtered and washed with DCM. The organic 
solvents were evaporated under reduced pressure. The product was purify in a silica column with 
DCM and gradually increasing the polarity until a mixture of 5% MeOH in DCM was used. The 
desired Pc-PO3Et2 (20 mg, 0.014 mmoles) was obtained with a yield of 94%. 1H NMR (400 MHz, 
CDCl3, δ ppm): 9.76 (3H, d, J = 13.1 Hz, ArH); 9.38 (3H, d, J = 5.2, ArH); 8.57 (3H, dd, J = 12.3 
Hz, 7.7 Hz,  ArH); 4.80 (16H, m, OCH2C6H12CH3 and OCH2CH3); 2.53-2.22 (12H, m, 
OCH2CH2C5H10CH3); 2.04-1.96 (6H, m, OCH2CH3); 1.5 (48H, br, OC3H6C4H8CH3); 0.85 (18H, m, 
OC7H14CH3); 3.37 (2H, s, NH). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 
1419.92 (M)+, calculated 1419.90 for C84H123N8O9P. 
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1,4,8,11,15,18-Hexaoctyloxy-23-phosphonic acid-29H,31H-phthalocyanine (Pc-PO3H2). 
The procedure for the synthesis of PF10-PO3H2 was followed. The desired Pc-PO3H2 (17 mg, 
0.012 mmoles) was obtained with a yield of 89%. MALDI-TOF: (positive mode, 1,4-
diphenylbutadiene as matrix) 1364.24 (M)+, calculated 1363.79 for C80H115N8O9P. 
 
Figure 6. Synthetic scheme for BIP derivatives. 
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2.3. Synthesis of Biomimetic Electron Relays 
 
 
2-(3’,5’-Di-tert-butyl-2’-hydroxyphenyl)benzimidazole (BIP) 
Following a procedure from the literature12, a solution of 81 mg (0.75 mmoles) of 
phenylenediamine in 10 mL of nitrobenzene was added dropwise to a solution of 245 mg (1.05 
mmoles) of 3,5-di-tert-butyl-2-hydroxybenzaldehyde in 10 mL of nitrobenzene while stirring under 
argon. The reaction was then refluxed under argon at 210˚C for 15 h. The solvent was removed 
under high vacuum leaving a dark tacky solid which was purified with a silica column using 
hexanes and DCM as eluent. Yield =25% (61 mg). 1HNMR (400 MHz, CDCl3): δ 1.38 (9H, s, 
(CH3)3), 1.51 (9H, s, (CH3)3), 7.26-7.32 (2H, m, ArH), 7.40 (1H, d, J = 2.2 Hz, ArH), 7.45 (1H, d, J 
= 2.2 Hz, ArH), 7.47-7.53 (1H, m, ArH), 7.71-7.76 (1H, m, ArH), 9.34 (1H, s, N-H), 13.46 (1H, s, 
OH). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 323.77 (M)+, calculated 
322.14 for C21H26N2O. 
 
 
Methyl-2-(3’,5’-di-tert-butyl-2’-hydroxyphenyl)benzimidazole-5-carboxylate (MeOOC-BIP) 
The procedure for BIP was followed. The purification was performed by recrystallizing the yellow 
compound in hexanes and isopropanol, giving a slight yellow product. Yield 60% (75mg).  1HNMR 
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(400 MHz, CDCl3): δ 1.39 (9H, s, C(CH3)3), 1.51 (9H, s, (CH3)3, 4.04 (3H, s, OCH3), 7.32 (1H, t, 
ArH), 7.48 (2H, m, ArH), 7.91 (2H, m, ArH), 10.70 (1H, s, N-H), 13.28 (1H, s, OH). MALDI-TOF: 
(positive mode, 1,4-diphenylbutadiene as matrix) 381.48 (M)+, calculated 380.48 for C23H28N2O3. 
 
 
2-(3’,5’-Di-tert-butyl-2’-hydroxyphenyl)benzimidazole-5-carboxilic acid (HOOC-BIP). 
The procedure for the preparation of BIP was followed. The purification was performed by silica 
gel chromatography using DCM/MeOH (1% to 3%) as eluent, and then recrystallized with 
isopropanol and hexanes giving a slightly orange product. Yield 33% (180 mg) 1HNMR (400 MHz, 
(CD3)2CO): δ 1.35 (9H, s, (CH3)3), 1.49 (9H, s, (CH3)3), 7.41 (1H, t, J = 2.2 Hz, ArH), 7.50 (1H, d, 
J = 2.6 Hz, ArH), 7.97 (2H, m, ArH), 8.13 (1H, d- J = 1.8 Hz, ArH), 11.77 (1H, s, N-H), 12.72 (1H, 
s, OH). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 365.45 (M)+, calculated 
366.45 for C22H26N2O3. 
 
 
2-(3’,5’-Di-tert-butyl-2’-hydroxyphenyl)benzimidazole-5-amide (H2NOC-BIP). 
The carboxylic acid derivative of BIP, HOOC-BIP, (50 mg, 0.136 mmoles) was dissolved in 5 mL 
of SOCl2 under argon atmosphere. The mixture was stirred and refluxed for 1 h. The excess 
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SOCl2 was evaporated under reduced pressure and released under argon. The acyl chloride was 
redissolved with dry DCM, cooled at 0˚C and stirred under argon while ammonia was bubbled 
into the solution. The solids were filtered and washed with acetone. The organic solvents were 
removed under reduced pressure and the product was purified by preparative chromatography on 
silica with 5%MeOH in DCM. The product obtained was a slight yellow solid. The solid was 
recrystallized with hexanes/DCM giving a white solid. Yield = 30% (15mg). 1HNMR (400 MHz, 
CDCl3): δ 1.40 (9H, s, (CH3)3), 1.52 (9H, s, (CH3)3), 7.36 (1H, brt, ArH), 7.51-7.63 (3H, brm, ArH), 
7.71-7.76 (1H, brs, ArH), 11.35 (1H, brs, N-H), 12.50-13.10 (1H, brs, OH). ). 1HNMR (400 MHz, 
(CD3)2CO): δ 1.38 (9H, d, J = 7.2 Hz, C(CH3)3), 1.51 (9H, s, C(CH3)3), 6.94 (1H, s, NH2), 7.05 
(1H, s, NH2), 7.38 (1H, dt, J = 7.8, 20 Hz, ArH), 7.53 (1H, dd, J = 12.0, 2.4 Hz, ArH), 7.75-8.10 
(5H, m, ArH, NH2), 11.86 (0.5H, s, N-H), 12.63 (1H, s, OH, N-H), 13.74 (1H, s, OH). MALDI-TOF: 
(positive mode, 1,4-diphenylbutadiene as matrix) 367.3825 (M)+, calculated 366.47 for 
C22H27N3O2. 
 
 
 
Diethyl-2-(3’,5’-Di-tert-butyl-2’-hydroxyphenyl)benzimidazole-5-amide  
The procedure for the preparation of H2NOC-BIP was followed. Yield = 28%. 1HNMR (400 MHz, 
(CD3)2CO): δ 1.04 (2H, t, J = 6.6, NCH2CH3), 1.20 (2H, brs, NCH2CH3), 1.39-1.24 (11H, m, 
C(CH3)3, NCH2CH3), 1.49 (9H, m, C(CH3)3), 3.29 (1H, m, NCH2CH3), 3.49 (2H, br, NCH2CH3), 
3.67 (1H, m, NCH2CH3), 7.22 (1H, m, ArH), 7.32 (1H, dt, J = 7.7, 1.9 Hz, ArH), 7.48 (1H, dd, J = 
3.2, 3.2 Hz, ArH), 7.58-7.78 (1H, dd, J = 7.9, 1.2 Hz, ArH), 7.91 (1H, m ArH), 12.26-13.39 (1H, s, 
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N-H), 13.60-13.81 (1H, s, OH). MALDI-TOF: (positive mode, 1,4-diphenylbutadiene as matrix) 
422.63 (M)+, calculated 421.57 for C26H35N3O2. 
 
2.4. Synthesis of Water Oxidation Catalysts 
Free ligand iridium oxide nanoparticles 
A portion of 24 mg of K2IrCl6 was dissolved in 25 mL of miliQ water (pH≈5.5), the pH was 
adjusted to 12 with a solution of NaOH 0.5 M and heated at 90˚C for 20 min (the solution turned 
deep blue). The reaction was cooled down and place in an ice bath, the pH was adjusted to 1 
with a 3 mM HNO3 solution. The solution was left in an ice bath for 80 min and later it stored in 
the refrigerator. 
CEPA-IrOx nanoparticles 
3-Phosphonopropionic acid (CEPA), 48 mg, was dissolved in 50 mL of miliQ water (pH≈3), the 
pH was adjusted to 5 with a solution of 0.5 M NaOH. K2IrCl6, 28 mg, was added to the CEPA 
solution. The resulting yellow/orange solution was heated to 90˚C for 60 min, and then it was left 
to cool down to 80˚C. The pH was adjusted to 8 with a solution of 0.5 M NaOH until it was stable 
and it was left heating at 80˚C for 5 hr while stirring. The reaction was cooled down and store in 
the refrigerator. 
BIP-CEPA-IrOx nanoparticles 
A portion of 5 mg of 2-((2-(3,5-di-tert-butyl-2-hydroxyphenyl)-1 H-benzo[ d ]imidazol-5-yl-
methylene)malonic  acid (BIP-Mal) was dissolved in 40 mL of miliQ water at pH 6. K2IrCl6, 25 mg, 
was added to the BIP-Mal solution and the mixture was heated at 80˚C for 1 h. To it a 10 mL of 
miliQ water with 47 mg of CEPA were added and it was heated at the same temperature for 
another hour. The pH was stabilized at 8 with a solution of 0.5 M NaOH; the solution gradually 
changed to a dark blue. The reaction was left stirring for 5 h. After cooling, the nanoparticles 
solution was stored in the refrigerator. 
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ABSTRACT 
In water oxidizing photosynthetic organisms light absorption generates a powerfully oxidizing 
chlorophyll complex (P680•+) in the photosystem II (PSII) reaction center. In all known cases, the 
pathway for electron transfer from the water oxidizing catalyst to P680•+ includes an electron 
transfer relay comprising a tyrosine (Tyr) / histidine (His) pair with a short phenol to imidazole 
group H-bond. By rapidly reducing P680•+, the relay probably mitigates recombination reactions 
thereby ensuring a high quantum yield of water oxidation. Here we show that in artificial reaction 
centers equipped with a benzimidazole-phenol (BiP) model of the Tyr/His pair, the artificial relay 
mimics the short internal H-bond and the relaxation observed by EPR accompanying proton 
coupled electron transfer (PCET) in PSII. This artificial system is much less complex than the 
natural one and theory suggests that it captures the essential features that are important in the 
function of the relay.   
Introduction 
Photosystem II (PSII), the enzyme that uses sunlight to oxidize water to molecular 
oxygen, contains two redox-active tyrosines called Tyrosine Z (TyrZ) and Tyrosine D (TyrD) that 
are located in positions related by approximately 2-fold rotational symmetry in the D1 and D2 core 
proteins, respectively.14-16 According to the recent PSII crystal structure,16 TyrD is located in a 
relatively hydrophobic domain with its phenolic proton forming a short hydrogen bond with the 
imidazole nitrogen atom of a nearby histidine, D2-His189. In contrast, TyrZ is in a more 
hydrophilic environment, forming an even shorter hydrogen bond with the corresponding D1-
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His190. Photo-oxidation of both tyrosines during PSII activity is coupled to the transfer of their 
phenolic protons, most likely to their respective hydrogen bonded histidine partners. The resulting 
neutral tyrosyl radicals TyrZ• and TyrD• have different functional roles in the enzyme. TyrZ• is 
directly involved in the water oxidation process, while TyrD• is not. 7-23 
Because of the extraordinarily long lifetime (several hours under some conditions) of 
TyrD• radical it has been possible to study it by a number of techniques.23-28, Using high field 
electron paramagnetic resonance Faller et al. demonstrated27 that oxidation of TyrD in OEC-
depleted PSII reaction centers occurs through a high-energy radical intermediate that can be 
trapped at 1.8 K. The initial radical, formed at 1.8 K, relaxes at 77 K to yield a phenoxyl radical 
with a longer hydrogen bond to the histidine. 
Designing synthetic models able to mimic intricate protein/radical interactions that 
ultimately allow generation of highly energetic but long-living radicals through proton coupled 
electron transfer reactions (PCET) is a challenging step in the development of artificial 
photosynthetic devices2 and could also lead to a deeper understanding of the more complex 
natural system.4 A bioinspired organic/inorganic hybrid system, triad-1, consisting of ca. 3 to 4 
dyads of benzimidazole phenol porphyrin moieties (BiP–PF10) attached to a nanoparticle of TiO2 
has been constructed. While it is not structurally a triad it functions as such. Excitation of the 
porphyrin is followed by electron transfer to the nanoparticle and a second electron transfer from 
BiP to the porphyrin radical cation ensues. The second electron transfer is coupled to an 
associated proton transfer process to yield a final charge separated state characterized by an 
electron in the semiconducting TiO2 nanoparticle, a benzimidazolium cation and a neutral 
phenoxyl radical which is thermodynamically competent to oxidize water8 (Fig. 7). 
Using EPR spectroscopy, herein we provide evidence that formation of the phenoxyl 
radical species in triad-1 at 13 K results in an energetic intermediate radical state, which at 100 K 
undergoes a change that can be interpreted in terms of solvation and conformational 
reorganization to yield a relatively more stable phenoxyl radical. This relaxation mimics that 
observed for D2-TyrD-His189 pair in PSII and suggests a key role of PCET in mediating electron 
transfer between natural and artificial reaction centers and water oxidizing catalysts. 
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Figure 7. Bioinspired triad-1 consisting of three covalently-linked redox subunits. Upon irradiation 
(1- hν), the system is able to undergo a primary electron transfer reaction (2- ET) and a proton-
coupled electron transfer (3- PCET) reaction. 
 
Results  
Formation of a charge separated state in triad-1 is unambiguously verified by the X-band 
(9.5 GHz) EPR spectrum (Supplementary Fig. S1) that shows an axially symmetric signal with g║ 
= 1.961 and g┴ = 1.989, corresponding to electrons in the TiO2 interior, and an isotropic signal at 
g = 2.0043, corresponding to holes localized on the organic part of the construct. Importantly, this 
spectrum clearly indicates an approximately equal number of injected electrons in the TiO2 
nanoparticles and holes in the organic moiety, confirming that excitation of the porphyrin (PF10) is 
followed by charge separation via electron transfer from PF10 to the semiconductor.12,28 The EPR 
signals observed with dyad-2 (see structure in Fig. 4), which lacks the primary electron acceptor 
(TiO2), is approximately 1% of the signal obtained with triad-1 (Supplementary Fig. S2). 
Following the initial charge separation, a secondary electron transfer from the phenol 
moiety of BiP to PF10•+ is expected to form a phenoxyl radical. Evidence for such a process 
comes from transient absorption studies with a molecular triad system, where in place of the TiO2 
nanoparticle of triad-1, a high potential tetracyano porphyrin was used as the primary electron 
acceptor.8 
Any change in the local environment of the initially formed phenoxyl radical of triad-1 
upon annealing can be determined from high-resolution, temperature dependent EPR 
measurements by following the change of the g-tensor component oriented along the phenolic C–
O bond (gx). For phenoxyl radicals, spin-orbit coupling interaction between the unpaired electron 
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in the singly occupied molecular orbital (SOMO) and the nonbonding electron pairs of the oxygen 
atom induces a magnetic moment, which results in a deviation of the gx component of the g-
tensor from the free electron g-value (ge = 2.0023). Hydrogen bonding with the lone pair of the 
oxygen atom in the oxygen centered radicals and/or delocalization of the unpaired spin density 
are known to decrease this deviation, yielding radicals with lower gx values.29,30 
When a suspension of triad-1 in acetonitrile at 13 K is irradiated with a 532 nm laser, the 
high-resolution D-Band (130 GHz) EPR spectrum (Fig. 8, green trace) is dominated by the 
resolved g anisotropic coupling tensors (gx = 2.0056; gy = 2.0042; gz = 2.00215). Annealing the 
sample at 100 K in the dark for 10 min and returning to 13 K (see Methods) results in a significant 
increase in the gx value from 2.0056 to 2.0061, while the other two g-tensor components remain 
unchanged (Fig. 8, purple trace). These observations clearly indicate the thermally activated 
conversion of the initially formed phenoxyl radical species to another in which structural and 
solvent reorganization have taken place.31-39 This temperature dependence of the gx values was 
not observed in a construct related to triad-1 in which the benzimidazole was the linker between 
PF10 and the phenol group,12 and has not been reported in any other BiP system or artificial 
system that mimics PSII. 
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Figure 8. Photoinduced D-band (130 GHz) EPR spectra of an acetonitrile suspension of triad-1 
recorded at 13 K. Purple: immediately after sample illumination in the cavity of the spectrometer. 
Green: after illuminated sample has been annealed at 100 K in the dark. 
Extensive theoretical and experimental EPR investigations of proteins and model 
compounds have established that the gx values for non-interacting tyrosyl and phenoxyl radicals 
in nonpolar environments are larger than 2.0080, whereas those radicals engaged in hydrogen 
bonds range from 2.0064 to 2.0075.31,36 A protonated phenoxyl radical can be understood as an 
extreme case where one of the oxygen lone pairs is engaged in a covalent bond with the proton; 
therefore a very low gx value is expected for such radical. From Density Functional Theory (DFT) 
calculations, the gx value for a protonated phenoxyl radical in a benzimidazole-phenol model 
compound has been estimated to be as low as 2.004. 31,39 
The gx values determined at low temperature (2.0056) and after annealing and returning 
to 13 K (2.0061) for the phenoxyl radicals in triad-1 are lower than those reported in the literature 
for such radicals interacting exclusively through hydrogen bonds,12,33-38 suggesting spin 
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delocalization between the phenoxyl radical and the high-potential porphyrin (vide infra), but are 
significantly higher than the gx value calculated for a protonated phenoxyl radical (2.004).35 The 
fact that the gx values are higher than that of the protonated phenoxyl radical strongly indicates 
that both phenoxyl radicals detected in the present study are formally neutral radicals. This 
supports the hypothesis that the oxidation of the phenol in triad-1 occurs with transfer of the 
phenolic proton to the benzimidazole group even at 13 K. 
Spin delocalization over the porphyrin core in the radical of triad-1 is supported by DFT 
calculations on the organic component of triad-1 (Supplementary Fig. S4), which reveal non-
negligible spin density over the porphyrin moiety. Data from electrochemical experiments in 
acetonitrile on the methyl ester derivative of the organic component of triad-1 (dyad-2, chemical 
structure in Fig. 4) corroborate delocalization of the spin and cationic charge of the phenolic 
radical onto the porphyrin. The first porphyrin oxidation in dyad-2 occurs at a much higher 
potential (about 1.65 V, vs. SCE) than that of a porphyrin model compound lacking the 
benzimidazole-phenol group (1.29 V vs. SCE), whereas the phenol oxidation potential is roughly 
the same (1.00 V vs. SCE) in dyad-2 and in a benzimidazole-phenol model compound lacking 
the porphyrin group (1.04 V vs. SCE) (Supplementary Table S3). Because in dyad-2 the phenol 
electrochemical oxidation occurs at about 1 V and formation of the porphyrin radical cation is the 
second electrochemical oxidation, the increase of the porphyrin oxidation potential from 1.29 V to 
1.65 V is clear evidence that the hole of the benzimidazole-phenol residue is partially delocalized 
over the porphyrin core making it harder to oxidize.  
Formation of a neutral phenoxyl radical in triad-1 at 13 K, where nuclear motions are 
restricted, implies that very little energy, probably only zero-point motion, is required for the 
proton to move to a new potential minimum during the oxidation of the phenol residue. This 
finding indicates that the phenol-benzimidazole group is well-oriented to form a strong 
intramolecular hydrogen bond, which creates a coordinate for proton motion that facilitates its 
transfer even at very low temperatures.33,34,38-43 Structural investigation of dyad-2 confirms the 
formation of a strong intramolecular hydrogen bond. The crystal structure of dyad-2 (Fig. 9, 
CCDC deposition number: 949079) reveals that the phenol and benzimidazole moieties are 
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nearly coplanar with a dihedral angle of 14.6o, which is significantly smaller than those between 
29o–33o observed for similar systems in the absence of intramolecular hydrogen bonds.33 This 
relatively small dihedral angle between the two H-bonded partners in dyad-2 results in a short 
O…N distance of 2.58 Å, indicating the presence of a strong electrostatic interaction between the 
phenolic proton and the lone pair of the nitrogen atom on the BiP.39 
  
 
Figure 9. Crystal structure of dyad-2. Gray, carbon; red, oxygen; blue, nitrogen; green, fluorine. 
On the right, a partial structure of dyad-2 is shown where the t-butyl group ortho to the phenol and 
part of the porphyrin have been deleted in order to visualize. 
The strong hydrogen bond in dyad-2 is also observed in solution. The 1H NMR spectrum 
of dyad-2 in chloroform (Fig. 10) shows the presence of a sharp signal at 14.23 ppm, which is 
unambiguously attributed to the phenolic proton. 8 Such a downfield shift from the usual 5–6 ppm 
region indicates that the phenolic proton is relatively far from the shielding effects of the electrons 
on the oxygen atom and the sharpness of the peak is strong evidence that the phenolic proton is 
not exchanging on the NMR time scale, which is ensured by the strong intramolecular H-
bond.38,39 The 1H NMR spectra in more polar media (deuterated acetonitrile, -OH resonance at 
14.47 ppm and deuterated acetone, -OH resonance at 14.58 ppm) lead to similar conclusions.  
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Figure 10. Partial 1H NMR spectra (500 MHz, 298 K) of dyad-2 in three different deuterated 
solvents: acetonitrile (top), acetone (middle) and chloroform (bottom). 
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Furthermore, when comparing the 1H NMR spectrum of dyad-2 in deuterated acetonitrile 
with that of a simple benzimidazole phenol model, 12 the –OH resonance in dyad-2 is found 0.8 
ppm farther downfield. This is evidence for a stronger hydrogen bond in dyad-2. We propose that 
the strong electron withdrawing effect of the fluorinated porphyrin bonded to the phenol residue 
renders the phenolic group significantly more acidic, reducing its pKa to a value closer to that of 
the benzimidazolium ion. This inductive effect promotes a better match of the proton affinities of 
the two H-bond partners in dyad-2, hence accounting for the observed strong hydrogen bond.40 
Turning to the distal proton of the benzimidazole group, its NMR resonance in dyad-2 is shifted 
downfield from 9.88 ppm in the nonpolar chloroform to 11.09 ppm in acetonitrile to 12.43 ppm in 
acetone (Fig. 10) indicating increasing hydrogen bond formation with the solvent. 
Discussion 
As mentioned above, the high gx values for the phenoxyl radicals of triad-1 (2.0056 and 
2.0061) compared to that of a protonated phenoxyl radical (2.004) provide clear evidence that the 
electron transfer from the phenol to the radical cation of the porphyrin in triad-1 occurs with 
transfer of the phenolic proton to the benzimidazole group. The presence of a strong hydrogen 
bond between the phenol and the benzimidazole moiety leads to the possibility that the electron 
and proton transfer reactions occur through a single step in a concerted mechanism. The 
concerted mechanism is supported by thermodynamic considerations. Electrochemical 
investigation in acetonitrile (Supplementary Table S3) reveals that a porphyrin model compound 
lacking the benzimidazole-phenol group shows a standard potential of 1.29 V (vs. SCE), while a 
non-hydrogen bonded phenol model has oxidation potential of 1.36 V (vs. SCE, irreversible). 
Therefore, the photo-generated fluorinated porphyrin radical cation (PF10•+) should not be 
thermodynamically competent to oxidize the phenol residue in triad-1 without transfer of the 
proton to the benzimidazole moiety, rendering the stepwise electron transfer followed by proton 
transfer (ET-PT) mechanism unlikely although it cannot be absolutely excluded with the present 
information. 8 A proton transfer followed by electron transfer (PT-ET) stepwise mechanism is also 
unlikely in the case of triad-1, as the benzimidazolium cation (pKa ~17) is a stronger acid than 
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the phenol group (pKa ~ 27) in acetonitrile,40,41 even after taking into consideration the inductive 
effect of the electron deficient PF10 on the phenol.41,45 
The observation that both electron and proton transfer processes occur at 13 K strongly 
suggests that either the proton tunnels from a site near the phenolic oxygen to one near the 
imidazole nitrogen or its zero-point energy is higher than the proton transfer barrier.6,38 Although 
tunneling usually has a distinct kinetic isotope effect (KIE) signature, a negligible (or slightly 
inverted) KIE was observed in electrochemical experiments of dyad-2 (0.96 ± 0.2) 
(Supplementary Fig. S8). Theory predicts that under certain circumstances a vanishingly small 
KIE would be observed for PCET reactions involving proton tunneling.42 Additional 
electrochemical measurements with model systems and theoretical calculation are being 
conducted to clarify this issue. 
Focusing on the temperature-induced relaxation process observed in the EPR 
experiments, DFT calculations were performed in an effort to elucidate the cause/s responsible 
for the thermal relaxation of the phenoxyl radicals initially generated upon illumination of triad-1 
at 13 K. Following literature methodology35 the g-values for different structures of the radical 
cation of the organic component of triad-1 were calculated (Supplementary Fig. S5, Table S1).  
The calculated gx-value for structure A•+ (Fig. 11) is consistent with the experimental gx-
value at 13 K. The main features of structure A•+ are that the phenolic proton resides on the 
benzimidazole group, the benzimidazole distal proton is hydrogen bonded with a water molecule 
and a second water molecule is hydrogen bonded to the phenoxyl oxygen. These features are 
consistent with the tentative conclusion that the PCET process at the BiP moiety occurs in a 
concerted single step and the observation that the distal proton is hydrogen bonded with solvent 
molecules. At 13 K, neither solvent molecule has enough energy to reorganize, resulting in a 
high-energy state with a gx of 2.0056. 
Upon warming the solution to 100 K, the energy available for solvent reorganization 
increases and hydrogen bond formation involving the solvent and the newly formed N–H site is 
possible, resulting in structure B•+. Compared to A•+, B•+  (which has a new bifurcated hydrogen 
bond with a water molecule) shows an increase in both the BiP dihedral angle and in the O–H 
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and O−N distances, which would result in an increase of the gx-value. Indeed, the calculated gx-
value for B•+ is in agreement with the gx-value observed after annealing at 100 K, indicating that 
B•+ or similar structures are plausible (Supplementary Table S1). Calculations performed using 
acetonitrile as the hydrogen bonding solvent yielded similar results (Supplementary Fig. S5 and 
Table S1). 
 
Figure 11. Calculated structures of the radical cation of the organic component of triad-1 before 
thermal relaxation (Structure A•+) and after thermal relaxation (Structure B•+). A•+ includes water 
molecules hydrogen bonded to the distal N–H and the phenoxyl oxygen and B•+ includes water 
molecules hydrogen bonded at both distal and proximal N–H sites (see text). Grey, carbon; white, 
hydrogen; blue, nitrogen; cyan, fluorine and red, oxygen. 
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The inclusion of explicit solvent molecules in a continuum model for the calculated g-
values results in a better match to the values observed experimentally in the case of o-
semiquinones in protic solvents.43,44 In our model, the water molecule around the proximal N–H 
bond of B•+ is acting as a hydrogen bond acceptor with the newly formed N–H and as a hydrogen 
bond donor to the phenoxyl oxygen. Interestingly, this water molecule is similarly positioned to the 
water molecule hydrogen bonded to TyrD• proposed for the multiple proton pathway mechanism 
of Barry et al., for the reduction of TyrD• to TyrD. 39,45,46 We also note that several ordered water 
molecules are present around TyrZ His 190 in the water oxidizing branch of PSII.16 
Conclusions 
In summary, a hybrid construct comprising ca. 3 to 4 molecular dyads attached to a 
semiconductor nanoparticle has been found to model functional and structural aspects of a PCET 
process thought to be central to water oxidation in PSII. In this construct, just as in PSII,  27,47 high 
field EPR clearly detects the formation of phenoxyl radicals in two different states, a higher 
energy state formed at 13 K and a relaxed state observed when the sample is warmed to 100 K. 
DFT calculations indicate that solvent molecules solvating the initial O–H…..N site must reorganize 
to solvate the newly formed O…..H–N site. This reorganization is blocked at 13 K resulting in a 
higher-energy state with a gx value of 2.0056. After warming to 100 K, the solvent molecules 
around the new O…..H−N site reorganize to form a bifurcated hydrogen bond. Such solvent 
reorganization and structural rearrangements around the BiP result in the relaxed final structure 
with a gx value of 2.0061. Thermodynamic considerations suggest that the PCET in the case of 
triad-1 likely occurs by a concerted mechanism. 
The thermal relaxation observed by high field EPR in these systems is not ubiquitous. A 
construct similar to triad-1, but having a weaker intramolecular hydrogen bond and the 
benzimidazole group as part of the linkage between the porphyrin and phenol moieties, did not 
demonstrate such relaxation. 12 Thus, it is significant that triad-1 mimics the thermal relaxation 
observed in the natural system. The simplicity of the structure allows us to identify the unusually 
strong intramolecular hydrogen bond between the phenol and the benzimidazole moiety, as the 
structural parameter that is responsible for the biomimetic behavior.  
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It has been postulated that the PCET within the D1-Tyrz-His190 group, which acts as a 
redox mediator/relay in PSII, plays a role in the high quantum efficiency of water oxidation by 
P680+ by providing a kinetic coupling between the fast initial electron transfer events and the 
slower process of water oxidation. In this connection, incorporation of a BiP redox mediator/relay 
in an artificial system did significantly improve the quantum yield for transfer of electrons from a 
water oxidizing catalyst to an oxidized dye in a nanoparticulate TiO2 based photoanode in which 
the dye radical cation plays a role analogous to that of P680+.48 
 
Methods 
Synthesis. Porphyrin model (S6, Supplementary Table S3), benzimidazole-phenol model12 and 
dyad-28,44 were prepared following procedures previously reported.  
TiO2 colloidal preparation. Transparent TiO2 nanoparticle colloidal aqueous solutions were 
prepared by the dropwise addition of titanium(IV) chloride to cooled water. The temperature and 
rate of component mixing of reactants were controlled by an apparatus developed for automatic 
colloid preparation. 49 The pH of the solution was between 0 and 1, depending on the TiCl4 
concentration. Slow growth of the particles was achieved by using dialysis at 4°C against water 
until the pH of the solution reached 3.5, indicating particle growth was complete. The final 
concentration was 0.17 M TiO2 with particle size of 4.5 ±1 nm. The solution was mixed with 0.6 
mM of the carboxylic acid form of dyad-2, which was dissolved in THF and the resulting solution 
dried under nitrogen atmosphere. The dried particles were redispersed in acetonitrile solution. 
Each solution contains on average 3.5 molecules of the carboxylic acid form of dyad-2 per TiO2 
nanoparticle.  
Electron Paramagnetic Resonance (EPR). High-frequency EPR spectra were recorded at D-
band (130 GHz/4.6 T) with a continuous wave/pulsed EPR spectrometer described previously.50 
A cylindrical single-mode cavity TE011 was used, having slits on the cylindrical side of the cavity 
to allow for optical excitation and field modulation. Samples were illuminated in the cavity of the 
EPR spectrometer. Light excitation was achieved with an optical parametric oscillator (Opotek) 
pumped by a Nd:YAG laser (Quantel). The output of the laser was coupled to a fiber optic in 
34 
 
order to deliver light to the cavity (1 mJ per pulse). The excitation wavelength was 520 nm. The 
sample temperature was regulated by an Oxford temperature controller (ITC 503) coupled to an 
Oxford continuous-flow cryostat (CF 1200). Theoretical simulations of the EPR spectra were done 
with the SimFonia program (Version 1.25, Bruker BioSpin, Rheinstetten), using second order 
perturbation theory. 
The annealing was tried at different temperatures. At T < 70K the signal transformation was 
negligible at reasonable annealing times (~20 min). At T > 120 K a substantial decay of the EPR 
signal (which was recorded after freezing back to 13 K) was observed. Annealing at 100 K for 10 
minutes lead to the spectra transformation without large change in the EPR intensity.  
  X-ray structures. CCDC deposition number for dyad-2 is 949079. 
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CHAPTER 4 
PHOTOELECTROCHEMICAL SOLAR CELLS 
Photoelectrochemical solar cells (PESC) are an example of artificial photosynthesis.51 
The design of a typical PESC features three major components:  
1. The reaction center (RC) is where the excitation energy drives photoinduced electron transfer 
to an electron acceptor.  
2. Fuel production catalyst is where the reducing equivalents from the reaction center are used 
to drive the reduction to produce fuels.  
3. Water oxidation catalyst (WOC) is where the water oxidation into oxygen gas and hydrogen 
ions are generated due to the oxidizing equivalents from the reaction center (Figure 12). 2 
 
Figure 12. Schematic representation of an artificial photosynthetic system for water splitting. 
RC1: artificial high potential reaction center, RC2: artificial low potential reaction center, WOC: 
water oxidation complex. 
A PESC can produce hydrogen gas by reduction of hydrogen ions that are generated by 
the water oxidation process.3,52,53 The cell consists of two photoanodes: one is inspired by 
photosystem II (PSII) and the other is inspired by photosystem I (PSI). The photoanode inspired 
by PSII is where the water oxidation occurs which needs a high potential and blue absorbing dye 
to drive the oxidation of water by a catalyst, such as IrO2.2,61,64 Porphyrins are suitable dyes 
because the maximum absorption peak is around 400 nm, depending on the substituents, and 
their oxidation potential can be tuned to achieve the requirements for the oxidation of water. The 
other side of the cell is the proton reduction component (PRC); it is inspired by PSI. Dye-
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Sensitized Solar Cells (DSSC) can be connected in series to the PESC to provide enough energy 
for the proton reduction. Low potential, red absorbing dyes can be used in DSSC as 
photosensitizer to increase the absorption of solar photons.  Phthalocyanines are interesting dyes 
because their maximum absorption peak are in the red and near infrared region of the solar 
spectrum.  
In this chapter, the effect on the photocurrent density due the anchoring group (carboxylic 
acid and phosphonic acid) used to attach the high potential porphyrin, as well as the addition of 
the benzimidazole-phenol (BIP) moiety to the system will be discussed (Figure 13). BIP is used 
in an attempt to compete with the electron recombination reaction from the semiconductor to 
oxidized dye.   
 
 
4.1. High Potential Dyes in Photoelectrochemical Solar Cells 
Previous works have used models based on ruthenium dyes for the water splitting cell. 
Mallouk et al. reported a tris(bipyridine) ruthenium (II) dye with phosphonic acid to anchor the dye 
to TiO2 and malonic acid to anchor to IrO2. 56 However, ruthenium dyes are susceptible to 
nucleophilic attack and they are particularly unstable in water. Also, the recombination reaction 
from TiO2 to the oxidized dye is faster than the electron transfer between IrO2 catalysts to the 
oxidized dye. 54 Moore et al. reported that bispentafluorophenyl-porphyrins (PF10) are suitable 
candidates for the water oxidation component of the cell due to their absorption bands and redox 
potential (1.57 V vs. NHE). 55  
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Figure 13. Structure of porphyrins used. For the effect of the metallation: free base porphyrin -
PO3H2) vs. zinc porphyrin (ZnPF10-PO3H2). For the effect of the anchoring groups:  phosphonic 
acid (ZnPF10-PO3H2) vs. carboxylic acid (ZnPF10-CO2H). For the effect of BIP: ZnPF10-CO2H vs. 
Bip-ZnPF10-CO2H. 
If a freebase PF10 is used as a photosensitizer, the electron injection from the dye excited 
state to the conduction band is more favorable when SnO2 is the semiconductor instead of TiO2. 
The conduction bands for SnO2 and TiO2 are 0.05 V vs. NHE and -0.57 V vs. NHE, respectively, 
while the excited state oxidation potential for a free base PF10 is ca. -0.36 V vs. NHE. Thus upon 
excitation, the free base PF10 would not have enough driving force to inject electrons into the 
conduction band of TiO2. 57 Inserting zinc into the macrocycle of the porphyrin affects its ground 
state oxidation potential (ca. 1.37 V vs. NHE for ZnPF10). The excited state oxidation potential (ca 
-0.77 V vs. NHE), allows the zinc porphyrin to inject electrons into the conduction band of TiO2.  
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Figure 14. Top: UV-Vis spectra of sensitized TiO2 electrodes (all the electrodes have sintered 
IrO2).  Bottom:  JV curves of photoanodes (10 mV/s, cathode purged with 5% H2 in argon; Pt 
Mesh Counter, pH 6.8 100 mM NaH2PO4/Na2HPO4 buffer). Green: PF10-PO3H2; pink: ZnPF10-
PO3H2. Data obtained by Dr. John Swierk. 
 
4.1.1. Effect of Anchoring Groups 
The interaction between the surface of the semiconductor and the photosensitizer can 
improve the stability and the performance of PESC and DSSC. A good anchoring group must 
provide a strong adsorption and strong coupling between dye and metals oxide surface.56 
Although there are several functional groups with potential to be used as anchoring groups, 
carboxylic and phosphonic acids will be used for this study, due to their stability and economical 
synthesis, which provides an advantage for long term use.  
Commonly, carboxylic acids are used as anchoring groups between photosensitizers and 
semiconductor. The electronic coupling between dyes containing carboxylates (ruthenium dyes, 
perylene-based photosensitizers, etc) and TiO2 allows a fast electron injection. 57,58 However, the 
binding can be affected via hydrolysis when the experiments are performed in aqueous 
conditions. Phosphonic acid groups in principle can provide a stronger binding due to its higher 
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pKa (H2PO3– pK ~ 7) and might form one more coordinating site than the carboxylic acid with the 
metal oxide surface. However, the electron injection rate is generally slower than with dyes using 
carboxylate as anchoring group. 59 
The first part of the study was performed using SnO2 as semiconductor, therefore two 
porphyrins (PF10) with a 3,5-ditertbutylbenzene moiety were used. The first compound has a p-
benzoic acid (PF10-CO2H) while the second has a 4-phenylphosphonic acid (PF10-PO3H2) 
(Structures shown in Figure 13). The two dyes were adsorbed on to the SnO2 semiconductor 
with the same concentration according to the UV-Vis spectrum (Figure 15 top). The DSSC 
sensitized with PF10-CO2H has a photocurrent density (Jsc) of 600 µA/cm2 and the open circuit 
voltage (Voc) is 0.51V. The DSSC with PF10-PO3H2 has a photocurrent density of 350 µA/cm2 
and the Voc is 0.46V. According to the cell performances, both anchoring groups attach well on 
the SnO2 surface and have good photocurrent densities and open circuit voltage. However, the 
Jsc and Voc are higher for PF10-CO2H than PF10-PO3H, which could be related to the stronger 
electronic coupling between dye and metal oxide surface given by the carboxylate.  
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Figure 15. Top: UV-Vis of sensitized SnO2 electrodes.  Bottom left:  current density vs. time. 
Bottom right: current density vs. voltage. All the SnO2 electrodes have two blocking layers, one of 
SnO2 and another one of TiO2. A solution Br-/Br-3 is used as electrolyte.  Blue: PF10-PO3H2, black: 
ZnPF10-PO3H2. Data obtained from Dr. Dalvin Mendez. 
The current densities obtain from the DSSC are high, but it is necessary to study the 
effect on a PESC setup since these compounds will be part of the photoanode as 
photosensitizers. Because TiO2 was used as semiconductor for the photoanode, zinc porphyrins 
(ZnPF10-PO3H2 and ZnPF10-CO2H) were used. The photoanodes were prepared with sintered 
iridium oxide as water oxidation catalyst. The catalyst must be oxidized by the oxidized dye to 
regenerate the neutral dye in order to produce a photocurrent. Both dyes had the same 
concentration on the electrode (Figure 16 top), showing similar results to those when SnO2 was 
used as semiconductor. However, the SnO2 electrodes had a blocking layer of TiO2 on top, which 
could be the reason for the high and equal concentration of the dyes, even though they have a 
different anchoring group. The current densities for the PESC are similar for ZnPF10-CO2H 
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(~60µA/cm2) and ZnPF10-PO3H2 (~80µA/cm2), while the current density for the carboxylate dye on 
the DSSC is two times the current density for the phosphonate dye. This could be explained by 
the stability of the phosphonate on the surface of the semiconductor under aqueous conditions, 
allowing the photosensitizer to be attached on the metal oxide surface, instead of hydrolyzing it, 
as could be the case for the carboxylate dye. These type of high potential porphyrins are not 
water soluble, therefore after detachment, they would rather stay on the metal oxide surface 
instead of being dispersed in the aqueous solution. Although they will be on the metal oxide 
surface, if they are not attached through the anchoring group, the electron injection rate can be 
affected.  
 
Figure 16. Top: UV-Vis spectra of sensitized TiO2 electrodes. All the electrodes have sintered 
IrO2.  Bottom:  JV curves of photoanodes (10 mV/s, cathode purged with 5% H2 in argon, Pt mesh 
counter electrode, pH 6.8 100 mM NaH2PO4/Na2HPO4 buffer). Orange: ZnPF10-CO2H pink: 
ZnPF10-PO3H2. Data obtained from Dr. John Swierk. 
 
4.1.2. Effect of Benzimidazole-Phenol (BIP) Moiety 
Different factors can influence the performance of the photosensitizer in the PESC. In this 
project, the use of the BIP moiety on the photosensitizer will be studied. In previous work, a 
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benzimidazole-phenol (BIP) moiety, which mimics the proton coupled electron transfer (PCET) of 
the Tyrz-His190 pair in photosystem II, has been shown to improve the efficiency of the system. 64 
A high potential porphyrin with a BIP moiety and carboxylic acid as anchoring group (BIP-ZnPF10-
CO2H) was compared to the model ZnPF10-CO2H, where the only difference would be the lack of 
the BIP moiety on the model compound. The photoanode setup was the same as the setup for 
the anchoring group study. Both dyes have a similar concentration according to the absorption 
spectra on Figure 17 top, which was expected due to the use of the same anchoring group on 
both photosensitizers. Although, it was expected to have an increase in the photocurrent when 
the BIP moiety was used on the photosensitizer, both dyes have a similar photocurrent density 
(~55µA/cm2).  
 
Figure 17. Top: UV-Vis spectra of sensitized TiO2 electrodes. All the electrodes have sintered 
IrO2.  Bottom:  JV curves of photoanodes (10 mV/s, cathode purged with 5% H2 in Argon, Pt 
mesh counter electrode, pH 6.8 100 mM NaH2PO4/Na2HPO4 buffer). Orange: ZnPF10-CO2H, olive 
green: ZnBIP-PF10-CO2H. Data obtained from Dr. John Swierk. 
The BIP moiety mimics the tyrosine-histidine pair (Yz-His190) which acts as an electron 
relay performing a proton-coupled electron transfer (PCET) between the oxygen evolving 
complex (manganese cluster) and P680·+ in Photosystem II. A good driving force for the oxidation 
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of the BIP moiety carried out by the photosensitizer, as well as a good electronic communication 
between the water oxidation catalyst and the BIP, are key factors for the BIP to be used as 
electron relay.5,13 When the BIP moiety is on a free base high potential porphyrin (PF10), after 
excitation and electron injection into a semiconductor, the BIP can be oxidized forming a long 
lived charged separated state. When zinc is inserted into the macrocycle, there is not enough 
driving force for the oxidation of the BIP (Figure 18) because the oxidation potentials for the zinc 
PF10 (1.32V vs. NHE) is close to the oxidation potential of BIP (1.28V vs. NHE).  
 
Figure 18. Diagram showing the oxidation potential of PF10-CO2H, ZnPF10-CO2H and BIP and 
driving force for the oxidation BIP. 
Another reason why the photocurrent density in the photoanode does not improve when 
the BIP moiety is directly linked in the dye could be that the IrO2 catalyst is sintered on the 
electrodes instead of being co-adsorbed with the photosensitizer. This would not allow a good 
electronic communication between the electron relay (BIP) and the water oxidation catalyst (IrO2 
nanoparticles).  
The information obtained in both studies (anchoring group and addition of BIP moiety in 
the photoanode) will be applied to the construction of photoanodes of tandem solar cells.  
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4.2. High Potential Dyes in Photoelectrochemical Tandem Solar Cells and Effect of a Biomimetic 
Electron Relay 
Natural photosynthesis uses visible light for the photoexcitation of the reaction centers. 
Artificial photosynthesis can take advantage of the red/near infrared region of the solar spectrum 
by using red absorbing, low potential dyes such as phthalocyanines (Pc).  They are interesting 
dyes for the second photoanode in the tandem cell, considered a DSSC. A tandem cell (PESC + 
DSSC) have the advantage of not requiring a bias voltage in order to split water. A single junction 
PESC needs an external bias (~200 mV) to perform overall water splitting.1,60-64 A dual junction 
tandem cell, where the photosensitizers absorb different sections of the solar spectrum (red 
absorbing for DSSC and blue absorbing for PESC), should absorb more photons and could 
provide enough potential for water splitting without the use of an external bias. 62 
Phthalocyanines need to be modified in order to fulfill the requirements for a good red 
absorbing photosensitizer. Alkoxy groups increase the solubility and can help diminish the dyes 
π-π stacking which causes aggregation. The dye aggregation prevents the formation of a 
monolayer on the metal surface, which leads to a lower efficiency of the cell.64 For the 
photoanode where the water oxidation process takes place, it was observed that the BIP moiety 
does not improve the photocurrent if it is not interacting directly with the IrO2 (see above). 
Carboxylic acids were used as anchoring groups for attachment of the chromophore to the metal 
oxide surface because using either phosphonate or carboxylate as anchoring group does not 
seem to have a big impact on the photocurrent of these systems, and the synthesis and 
purification of carboxylate-based dyes is simpler than phosphonate-based dyes.  
The tandem cell was assembled using ZnPF10-CO2H as the blue absorbing high potential 
dye for the photoanode, where the water oxidation occurs, and a Pc-PO3H2 was used as red 
absorbing low potential dye for the DSSC part of the tandem cell. For the water oxidation catalyst, 
IrO2 colloidal nanoparticles were co-adsorbed with ZnPF10-CO2H on the photoanode. The 
electron relay BIP was directly attached to the IrO2 nanoparticles, promoting in this way the 
electronic communication between the electron relay and the water oxidation catalyst. A tandem 
cell where the water oxidation catalyst was lacking the BIP moiety had the photocurrent density of 
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less than 5µA/cm2. When the BIP electron relay was attached to the IrO2 nanoparticles, the 
photocurrent density increased by approximately four times (Figure 19). These are similar results 
to those obtained with systems based on ruthenium dyes where the catalyst had attached BIP as 
electron relay.64  
 
Figure 19. Photocurrent for ZnPF10-CO2H on a TiO2 electrode co-adsorbed with different IrO2 
colloidal nanoparticles on a tandem cell setup. Red: BIP molecules directly attached to IrO2 
colloidal nanoparticles through a malonate anchor. Black: IrO2 colloidal nanoparticles with no BIP 
moiety attached. Data obtained from Dr. Dalvin Mendez.  
One possible reason for the increase in photocurrent when the BIP is directly attached to 
the catalyst instead of the photosensitizer is described in Figure 20. As mentioned above, in the 
experiments where the IrO2 was sintered on the surface of the photoanode there is not enough 
driving force to drive the charge separation, because the oxidation potentials of both the high 
potential dye and the BIP are very similar.  Also, the water oxidation catalyst could be in not good 
contact with the electron relay. This would not allow a fast electron-transfer from the catalyst to 
the oxidized electron relay necessary to avoid the electron recombination process from the 
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semiconductor.63 (Figure 20 left) The tandem cells experiments, where the IrO2 colloidal 
nanoparticles are co-adsorbed with the photosensitizer, show an increase in photocurrent density 
when the electron relay is added to the photoanode. Even though the driving force for the 
regeneration of the oxidized dye is similar as the previous experiment, the close electron 
interaction between the BIP and the IrO2 nanoparticles (due to direct attachment) can promote an 
electron transfer reaction between them, generating a lower energy state where the electron hole 
can be stored in the water oxidation catalyst (Figure 20 right) leading to water splitting. This is 
still a work in progress where oxygen and hydrogen evolution need to be detected in order to 
proof that water oxidation is occurring. 
 
Figure 20. Energy diagram of possible electron transfer mechanism for the two studied systems. 
Left: photoanodes with IrO2 nanoparticles sintered on the TiO2 electrode and BIP moiety directly 
linked to photosensitizer. Right: photoanodes with IrO2 colloidal nanoparticles co-adsorbed with 
the photosensitizer on the TiO2 surface and BIP directly attached to the IrO2 nanoparticles 
through a malonate linkage. 
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CHAPTER 5 
NMR AND COMPUTATIONAL STUDIES OF BIOMIMETIC ELECTRON RELAYS CONSISTING 
OF MIXTURES OF ISOMERS WITH DIFFERENT INTERNAL HYDROGEN BONDS 
In PSII the oxidative activation of the oxygen evolving complex (OEC) by the oxidized 
P680•+ is possible due to a proton coupled electron transfer process (PCET) between tyrosine Z 
(Yz) and histidine 190.5 Umena et al. identified a possible hydrogen bond network around Yz and 
the Mn4 cluster from a 1.9 Å resolution crystal structure of PSII.16 In Figure 21 it is also shown a 
hydrogen bond network between Yz and the luminal bulk phase. This supports the previous 
hypothesis of an exit channel from protons arising from water oxidation involving Yz and 
His(190).65,66 Figure 21b shows His(190) forming a second hydrogen bond with an asparagine 
residue (Asn298).; the distance of 2.6 Å suggests a strong hydrogen bond.  
 
Figure 21. a, Hydrogen bonds around Yz (D1-Y161). b, Hydrogen-bond network from the Mn4 
cluster through Yz to the lumenal bulk phase. 16 
 
Benzimidazole-phenol (BIP) derivatives have been used as biomimetic electron relays to 
study the proton coupled electron transfer responsible of water oxidation in PSII.8 Trying to find 
insight and deeper understanding of the proposed proton channel, BIP derivatives were designed 
and synthesized with a second intramolecular hydrogen bond involving the benzimidazole moiety. 
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Computational calculations and NMR experiments were used to study the intramolecular 
hydrogen bonds in a series of synthesized BIP derivatives (see structures in Figure 22).  
 
Figure 22. Benzimidazole phenol derivatives (BIPs). 
Chapter 3 demonstrates that PCET can be light driven when the BIP moiety is attached 
to a photosensitizer and a primary electron acceptor. The study in chapter 4 shows the 
importance of the arrangement of photosensitizer, biomimetic relay and water oxidation catalyst. 
It has been suggested that with appropriate proton acceptors a concerted one-electron two proton 
transfer process (ETPTPT) in biomimetic constructs could be achieved. Such systems could help 
understand the exit pathway of the proton generated after water oxidation in PSII and such 
information could later be applied in artificial systems. 
 
5.1. Computational studies 
There are two tautomers in BIP molecules when the benzimidazole moiety is 
asymmetrically substituted and they differ from each other by to the side the benzimidazole the 
phenol is hydrogen bonded to (see structures in Figure 23). Besides the two tautomers different 
conformers could exist depending on the rotation of the substituent of the benzimidazole group (-
COOH, -COOMe, -CONH2, -CONEt2). DFT studies were performed in order to find the lower 
energy structures for each BIP derivative and the energy barrier between tautomers and their 
conformers. Geometry optimizations and electronic structure calculation of the ground state of all 
systems were performed with Gaussian 09 (Revision E.01) 67 using B3LYP68,69 functional and 6-
31G* for the rest of the atoms. 
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Figure 23. BIP tautomers. Tautomer 1 is stabilized by the second hydrogen bond from the distal 
N-H to the carbonyl. 
The energy barrier on the BIP constructs depends on the rotation of the bond between 
phenol and benzimidazole moieties. When the phenol and benzimidazole are perpendicular to 
each other, the electronic communication is at its minimum. This rotation also breaks the 
hydrogen bond between the phenol and the benzimidazole, which helps stabilize the molecules. 
BIP constructs using amides as second hydrogen bond partner have a lower energy barrier 
between tautomers. The resonance in the amide groups places a stronger partial negative charge 
on the oxygen of the carbonyl in comparison with the carboxylate groups, this leads to a stronger 
hydrogen bond between the distal N-H and the carbonyl. The lower activation energy shown in 
Table 1 for BIP-CONH2 and BIP-CONEt2 could be due to the stronger second intramolecular 
hydrogen bond.  
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Table 1. Energy barrier and energy difference between tautomer 1 to tautomer 2 for each BIP 
derivative. The calculations were performed in gas phase.  
 Tautomer energy barriers 
(Kcal/mol) 
ΔE (Kcal/mol) 
BIP-COOH 25.67 1.04 
BIP-COOMe 25.95 6.3 
BIP-CONH2 13.65 0.7 
BIP-CONEt2 14.56 6.3 
 
Since the NMR and electrochemistry experiments are performed in different solvents, the 
energy barrier and energy difference of BIP-CONH2 were calculated using acetone and 
acetonitrile as solvents (The electrochemical measurements were performed in acetonitrile and 
the most complete NMR measurements were performed in acetone). Although the results 
including the solvent in the calculations are different than those in gas phase (see Table 2), there 
are no significant differences between the results for acetone and acetonitrile. However, the 
amide N-H bond can be involved in a second intramolecular hydrogen bond to the benzimidazole, 
which could weaken the hydrogen bond between phenol and benzimidazole. Evidence of the 
different types of intramolecular hydrogen bonds in the BIPs derivatives will be discussed in the 
NMR studies. 
Table 2. Energy barrier and energy difference of BIP-CONH2 in acetone and acetonitrile.  
BIP-CONH2 Gas phase 
(Kcal/mol) 
Acetonitrile 
(Kcal/mol) 
Acetone 
(Kcal/mol) 
T1T2 13.65 12.52 12.59 
T2T1 13.44 9.46 9.48 
ΔE 0.7 0.17 0.18 
 
In principle, BIP-COOH can have a second hydrogen bond with the OH from the 
carboxylic acid to the benzimidazole, similar to BIP-CONH2 tautomer 2 in Figure 24. The BIP-
COOMe and BIP-CONEt2 lack of acidic protons on the secondary hydrogen bond partner, 
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yielding tautomers 1 with two intramolecular hydrogen bonds and tautomers 2 with only one 
intramolecular hydrogen bond. It is expected to see evidence of this in the NMR studies. 
Tautomers with two intramolecular hydrogen bonds should show down field shifting on the signals 
corresponding to protons involved in hydrogen bonds.  
 
Figure 24. Conformers for the BIP-CONH2 tautomers after the rotation of the amide group, 
showing the different intramolecular hydrogen bonds.  
 
5.2. NMR studies of biomimetic electron relays 
The NMR experiments performed on the BIPs derivatives were 1HNMR, COSY, HMBC, 
HSQC and 1H-15NHSQC. The 1HNMR spectra were obtained in different solvents (CDCl3, DMSO-
d6, ACN-d3 and acetone-d6) to find the best spectral resolution and to visualize the protons 
involved in hydrogen bonds. Also, different solvents were used to verify the purity of the samples. 
All 2D NMR experiments were done in acetone-d6 due to the stability of the BIPs in that solvent 
and because the signals were well resolved, allowing both tautomers to be easily identified. The 
supplementary information contains all 2D NMR spectra. Temperature dependent 1HNMR 
experiments were obtained with a Varian 400MHz NMR spectrometer; 1HNMR, COSY, HMBC, 
HSQC and 1H-15NHSQC experiments were obtained with Varian 500MHz NMR spectrometer and 
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Bruker 400MHz NMR spectrometer. All data was analyzed with MestReNova. Integration, J 
couplings and multiplicity of signals for each individual BIP derivative can be found in chapter 2. 
5.2.1. BIP-COOH 
The main challenge at analyzing the BIP-COOH was solubility; the data collected with 
chloroform-d and acetonitrile-d3 did not yield good spectra. In Figure 25 are shown the two 
tautomers in their more stable conformation, according to the computational studies. The proton 
assignment numbers were chosen starting from the hydrogen on the phenol moiety closest to the 
benzimidazole, then counting clockwise in tautomer 1. In tautomer 2, the phenol rotates 180˚ 
degrees, however, the assignments numbers are the same as the corresponding protons in 
tautomer 1.   
 
Figure 25. Proton assignments for tautomer 1 and tautomer 2 in BIP-COOH. It was determined 
that tautomer 1 is the structure were both nitrogen in the benzimidazole moiety undergo 
intramolecular hydrogen bonds. 
The 1HNMR spectrum in acetone-d6 does not show two tautomers (Figure 26), there is 
only one set of signals per proton. The signals were assigned after analysis of 1D and 2D 
spectra. We can see well resolved the benzimidazole protons (H7 and H6) and the phenolic H2. 
The phenolic H1 indicates some type of aggregation, while the shoulder downfield of signal H6 is 
assigned to H8. The phenolic OH at 12.69 ppm and the distal N-H at 11.80 ppm appear in a more 
upfield spectral region than other reported signals13 and most signals for those protons in the rest 
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of the BIP constructs (see following subchapters) in the same solvent and temperature 
conditions. The distal N-H resonance is normally around 12.50 ppm, depending on the 
substituents, and the phenolic OH appears somewhere in between 13 ppm and 14.50 ppm in the 
rest of the BIPs.  
 
Figure 26. 1HNMR of BIP-COOH using acetone-d6 as solvent at 25˚C. There are some signs of 
aggregations in signals H1 and H6+H8. 
Carboxylic acids tend to form dimers due to intermolecular hydrogen bonds (see Figure 
27). If the molecules form said dimers, it would account for the broad signals for H1 and H8. 
Carbonyls are electron withdrawing groups and the rest of the atoms in the benzimidazole moiety 
will be affected by this effect. The intermolecular hydrogen bonds in principle should decrease the 
electron density on the benzimidazole, which could weaken the hydrogen bond between the 
phenol moiety and the nitrogen of the benzimidazole, yielding a more upfield signals for the 
phenolic OH and the distal N-H than other BIPs derivatives. The 1HNMR of BIP-COOH was 
obtained using DMSO-d6 in an attempt to break the dimer (see spectrum in SI) and in this solvent 
there is evidence of two tautomers. The four signals at 12.67 ppm, 13.46 ppm, 13.90 ppm and 
14.44 ppm correspond to the phenolic OH and distal N-H. All signals integrate to 1H, which can 
be considered as the signals for H10’, H10, H5’ and H5 from the two tautomers. No 2D 
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experiments were done in DMSO-d6, but it is believed that the two more downfield signals 
correspond to the phenols. Further experiments with other BIPs derivatives gave more 
information about the assignments of each phenolic OH and distal N-H signals on the two 
tautomers. 
 
Figure 27. Dimer formed by intermolecular bonds between the carboxylic acids in BIP-COOH. 
 
5.2.2. BIP-COOMe  
Figure 28 shows the structures for tautomer 1 and tautomer 2 of BIP-COOMe with the 
proton assignments, which are similar to the assignments for BIP-COOH. BIP-COOMe does not 
have problems with solubility and observing both tautomers in solution was one of the main 
objectives of this study. Tautomer 2 of BIP-COOMe does not form two intramolecular hydrogen 
bonds, thus, likely tautomer 1 is the preferred species in solution.  
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Figure 28. Proton assignments for tautomer 1 and tautomer 2 of BIP-COOMe. It was determined 
that tautomer 1 has the structure were both nitrogen in the benzimidazole moiety are involved in 
intramolecular hydrogen bonds. 
The NMR experiments performed in acetone-d6 clearly show both tautomers in solution. 
After analysis of 1D and 2D NMR data, the proton assignments for both tautomers were made; 
they are shown in Figure 29. It is clear one tautomer is preferred over the other, with a ratio of 
1:4; however, it is surprising to see that tautomer 2 is the preferred species under the 
experimental conditions. It was expected that the second intramolecular hydrogen bond in 
tautomer 1 to further stabilize the molecule and make it thermodynamically more stable than 
tautomer 2. The carbonyl group of the ester functional group would accept electrons from both 
methoxy and phenyl groups. After electron donation to the carbonyl by the phenyl group, 
tautomer 1 has 4 reasonable resonance structures, while tautomer 2 has 5 reasonable resonance 
structures. It is possible that this extra resonance stabilization can explain the predominance of 
tautomer 2. However, it is possible that in a solvent such as acetone (hydrogen bond acceptor) 
tautomer 2 is further stabilized by a hydrogen bond between the distal NH and the solvent, as has 
been postulated before. 13  
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Figure 29. 1HNMR of BIP-COOMe using acetone-d6 as solvent at 25˚C. The ratio of tautomer 1 
to tautomer 2 is 1:4. 
In order to differentiate between distal N-H and phenolic OH, 2D H-N experiments were 
performed (see Figure 30). The signals at 11.81 ppm and 12.51 are assigned to H10’ and H10, 
respectively, and the signals at 13.67 ppm and 14.50 ppm are assigned to H5’ and H5, 
respectively. The phenolic OH and distal N-H signals for both tautomers are clearly 
distinguishable. In tautomer 1, both H5 and H10 are more downfield than the corresponding 
signals in tautomer 2 (H5’ and H10’). The downshift of the OH and NH signals in tautomer 1 could 
be explained by the effect of the second intramolecular hydrogen bond. The hydrogen bond from 
the distal N-H to the carbonyl of the ester would cause a downfield shift due to the proton 
experiencing a more electronegative environment. This second hydrogen bond should polarize 
the distal NH bond, causing the partial negative charge on the benzimidazole moiety to increase, 
which would strengthen the phenol hydrogen bond to the benzimidazole, with the consequent 
downfield shift.  
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Figure 30. 1H-15NHSQC of BIP-COOMe using acetone-d6 as solvent at 25˚C. The signals at 
11.81 ppm and 12.51 ppm correspond to distal N-H in tautomer 2 and tautomer 1, respectively. 
 
5.2.3. BIP-CONH2 
The structures for tautomer 1 and tautomer 2 of BIP-CONH2 with the proton assignments 
are shown in Figure 31. Tautomers are observed in a 1:1 ratio when dissolved in polar solvents 
such as acetone-d6 and acetonitrile-d3. Both tautomers of BIP-CONH2 have two intramolecular 
hydrogen bonds, which could account for the equal concentration of tautomer 1 and tautomer 2. 
The hydrogen bond from the amide N-H to the benzimidazole can affect the hydrogen bond with 
the phenol. Previous studies have shown that solvent molecules (water or acetonitrile) are 
capable of acting as hydrogen bond acceptor to the benzimidazole distal N-H and hydrogen bond 
donors with the phenol.13 Such hydrogen bonds to water molecules have also been observed in 
natural systems and can affect the strength of the intramolecular hydrogen bonds in BIP 
derivatives.13,37,47 
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Figure 31. Proton assignments for tautomer 1 and tautomer 2 in BIP-CONH2. It was determined 
that tautomer 1 is the structure were both nitrogen atoms of the benzimidazole moiety are 
involved in intramolecular hydrogen bonds. 
BIP-CONH2 has the most differentiable tautomers by NMR, as it is seen in Figure 32. 
The signals were assigned after analysis of 1D, 2D and temperature dependent NMR 
experiments. As previously stated, both tautomer concentrations are the same under the 
experimental conditions. Only three signals appear in the phenolic OH and distal N-H region, 
although one of those signals integrates to 2 protons. The signal at 12.63 ppm contains both the 
O-H proton from tautomer 2 and the distal N-H proton from tautomer 1 (if the temperature is 
increased, the signals separate, see below). The signal of the phenolic OH in tautomer 2 is more 
upfield than in any of the phenolic OHs of the BiPs studied. This can be explained by the second 
intramolecular hydrogen bond involving the N-H of the amide and the N in the benzimidazole, 
which should weakened the OH hydrogen bond.  
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Figure 32. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at 25˚C. The ratio of tautomer 1 to 
tautomer 2 is 1:1. 
The 1H-15NHSQC shown in Figure 33 brings about two important questions: why the 
signal at 12.63 ppm does not appear in the 2D H-N experiments and why the amide N-H signals 
at 6.97 ppm does not appear in the spectrum. In tautomer 1 the signal of H5 at 13.75 ppm 
corresponds to the phenolic OH, the signal of H10 at 12.63 ppm corresponds to the 
benzimidazole distal N-H hydrogen bonded to the carbonyl and the signal of H9 at 7.05 ppm and 
6.97 ppm represent the amide NH2 protons. Resonance in the amide makes the oxygen in the 
carbonyl a good proton acceptor due to its strong partial negative charge, which stabilizes 
tautomer 1. This can change the H-N coupling with respect to the non-hydrogen bonded distal N-
H. The signal H9 shows two peaks but only the peak at 7.05 ppm is shown in the 2D H-N NMR 
experiments. This type of experiment (1H-15NHSQC) strongly depends on the H-N coupling, 
therefore changing the environment of the proton enough to change the coupling can cause 
difficulty in observing some peaks under the experiment conditions. Also, those protons can 
undergo rapid exchanges under the NMR time scale, broadening the signal. To obtain more 
information about the signals at 12.63 ppm and 6.97 ppm, high temperature experiments were 
performed. 
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Figure 33. 1H-15NHSQC of BIP-CONH2 using acetone-d6 as solvent at 25˚C. The signal at 11.84 
ppm correspond to distal N-H in tautomer 2. The signal at 8.07 ppm and 7.05 ppm correspond to 
N-H of the amide functional group in tautomer 2 and tautomer 1, respectively. 
Increasing the temperature of the experiment helps to prove that the signal at 12.63 ppm 
is the mixture of two different protons and that the signal at 6.97 ppm corresponds to protons of 
the amide functional group, even though they are not seeing in the 1H-15NHSQC spectrum. In 
Figure 34 top is clearly observed the peaks at 7.05 ppm and 6.97 ppm collapses in a peak at 
6.89 ppm. The temperature increment changes the populations of conformations due to faster 
rotation of the amide functional group. In Figure 34 bottom is observed the change in chemical 
shift of the OH in tautomer 2 and the distal N-H in tautomer 1. The corresponding signals for the 
phenolic OH and the distal N-H for both tautomers will eventually collapse if enough energy is 
added to overcome the high energy barrier (9.48 kcal/mol) between tautomer 1 and tautomer 2. 
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Figure 34. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at different temperatures. Top: 
When the temperature is increased H9 collapses into one signal and H9’ disappears; bottom: H5’ 
and H10 separates at high temperatures. 
5.2.4. BIP-CONEt2 
The structures for tautomer 1 and tautomer 2 of BIP-CONEt2 with the proton assignments 
are shown in Figure 35. Tautomer 1 and tautomer 2 are in a 1.5:1 ratio when dissolved in polar 
solvents. Similar to BIP-CONH2, the oxygen of the carbonyl is a good proton acceptor partner in 
an intramolecular hydrogen bond, which causes tautomer 1 to be in a higher concentration than 
tautomer 2 under the experimental conditions. 
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Figure 35. Proton assignments for tautomer 1 and tautomer 2 of BIP-CONEt2. It was determined 
that tautomer 1 is the structure were the benzimidazole moiety is involved in two intramolecular 
hydrogen bonds. 
The phenol moiety is similar in both tautomers, however, the benzimidazole is more 
affected by the intramolecular hydrogen bonds as seeing in the assignments of Figure 36. The 
lack of a second intramolecular hydrogen bond in tautomer 2, causes the BIP-CONEt2 molecules 
to behave similarly to BIP-COOMe. Comparison of the distal N-H peaks demonstrates that N-H in 
tautomer 1 is in a more electronegative environment than the N-H in tautomer 2, in agreement 
with the downfield shift of the signal of H10 (12.39 ppm) with respect to the signal H10’ (12.26 
ppm). This is caused by the second internal hydrogen bond in tautomer 1, as is observed in BIP-
COOMe and BIP-CONH2. The OH signal in tautomer 1 (H5 at 13.60 ppm) has an upfield shift 
compared to the signal of H5’ (13.81 ppm) for tautomer 2. The signal of H5 is also sharper than 
the signal of H5’, implying less exchanging of the proton involved in the hydrogen bond in 
tautomer 1. In general, the second hydrogen bond in tautomer 1 pulls some of the electron 
density from the carbonyl, yielding a higher positive partial charge on the benzimidazole in 
comparison with tautomer 2, explaining the upfield shift of the signal of H5 in tautomer 1. But it 
needs to be considered that in this BIP construct, the partial charges generated by the second 
hydrogen bond are competing with other effects, such as inductive effect from the carbonyl to the 
benzimidazole and resonance in the second proton acceptors. Not only the electro withdrawing 
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effect from the carbonyl affects the benzimidazole moiety, but also the partial negative charge on 
the nitrogen of the benzimidazole when the distal N-H forms a hydrogen bond with the carbonyl 
needs to be taken in consideration (as mentioned in the case of BIP-COOMe).  
 
Figure 36. 1HNMR of BIP-COEt2 using acetone-d6 as solvent at 25˚C. The ratio of tautomer 1 to 
tautomer 2 is 1.5:1. 
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Figure 37. 1H-15NHSQC of BIP-COEt2 using acetone-d6 as solvent at 25˚C. The signals at 12.26 
ppm and 12.39 correspond to distal N-H in tautomer 2 and tautomer 1, respectively. 
 
The internal hydrogen bond between the phenol OH and the proximal N of benzimidazole 
in these BIP derivatives are intrinsically affected by the inductive/resonance effect of the carbonyl 
of the substituent of the benzimidazole. This needs to be taken in consideration when designing 
biomimetic electron relays. We found evidence that tautomer 1 in each of the BIP derivatives 
studied can form a second hydrogen bond, similar to the one observed in Yz with Asn298. The 
strength of the hydrogen bond between the distal N-H does not vary a lot from BIP-COOMe (H10 
at 12.51 ppm), BIP-CONH2 (H10 at 12.63 ppm) and BIP-CONEt2 (H10 at 12.39 ppm). However, 
the strength of the hydrogen bond between the OH and the benzimidazole varies from BIP-
COOMe (H5 at 14.50 ppm), BIP-CONH2 (H5 at 13.74 ppm) and BIP-CONEt2 (H5 at 13.1 ppm). 
To avoid the inductive/resonance effect of the carbonyl group that in general would weaken the 
internal hydrogen bond between the OH of the phenol and the proximal N of benzimidazole, 
changing the second hydrogen bond partner should be considered.  
65 
 
CHAPTER 6 
COMPUTATIONAL STUDIES FOR TRIPLET-TRIPLET ENERGY TRANSFER IN 
CAROTENOPHTHALOCYANINE SYSTEMS 
6.1. Triplet-Triplet Energy Transfer from a Tetrapyrrole to a Carotenoid in Carotenoid-
Phthalocyanines 
 
Chelsea L. Brown, Marely E. Tejeda-Ferrari, Gabriela Coutinho, Ghabriel Anton, Junminh Ho, 
Julio L. Palma, Manuel J. Llansola-Portoles, Gerdenis Kodis, Valdimiro Mujica, Devens Gust, 
Thomas A. Moore, Ana L. Moore. 
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ABSTRACT: Three Pd phthalocyanine carotenoid dyads in which the chromophores are linked 
by amide groups have been prepared to investigate the rate of triplet-triplet (T-T) energy transfer 
from the tetrapyrrole to the carotenoid. The carotenoids of the dyads have 9, 10 and 11 double 
bonds in conjugation. Transient absorption measurements show that intersystem crossing in the 
Pd phtalocyanine takes place in 10 ps and triplet–triplet energy transfer takes place in 128 ps, 80 
ps and 130 ps in the dyads with the 9, 10 and 11 double bonds carotenoids, respectively. These 
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results cannot be reconciled with a simple thermodynamic argument because the energy of the 
triplet state of the carotenoid decreases with the length of the conjugated system, and it would 
result in a faster triplet-triplet (T-T) energy transfer for the longer carotenoid. Therefore, we 
performed quantum mechanical calculations for the T-T electronic coupling of the three dyads 
and found a good agreement with our observations. The main reason of this trend comes from a 
methyl effect which decreases the electronic coupling for Dyad 9 and Dyad 11, this group is 
adjacent to the amide linker that connects the Pd phthalocyanine and the carotenoid. The 
absence of such group makes the dyad with the 10 double bond carotenoid the most efficient.   
 
Introduction 
In photosynthetic organisms, carotenoids and cyclic tetrapyrroles interact with each other 
to help drive photosynthesis.70,71 In photosynthetic antennas, carotenoids are known to interact 
with cyclic tetrapyrroles (chlorophylls) in three important ways: as light-harvesting chromophores, 
in photoregulation, and in photoprotection.10,72,73 In low light conditions, carotenoids help optimize 
light harvesting by absorbing in the blue/green region of the spectrum where chlorophylls do not 
absorb significantly, and transferring that energy to neighboring chlorophylls.11 Whereas in high 
light conditions, carotenoids plays a crucial role in photoregulation by dissipating excess energy 
in the form of heat through non-photochemical quenching (NPQ) by at least three types of 
mechanisms.3,5,74-76 Photoprotection performed by carotenoids is a vital process that operate in all 
photosynthetic organisms and has been studied for decades.6,77-86 When an excited state is 
formed in a tetrapyrrole, it can undergo intersystem crossing to the triplet state and is able to 
sensitize singlet oxygen,1,2,4,11 which is one of the most dangerous chemical species for living 
organisms.87 It has been determined that when chlorophyll and carotenoid interchromophore 
distance is very short (van der Walls contact) triplet-triplet (T-T) energy transfer from the 
chlorophyll to the carotenoid takes place. This process reduces the lifetime of the chlorophyll 
triplet state by many orders of magnitudes88,89 and because the energy of the triplet excited state 
of the carotenoid is below that of singlet oxygen, it cannot sensitize singlet oxygen and instead 
harmlessly decays to the ground state.2,4 It is well-known that in purple bacteria 
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bacteriochlorophyll to carotenoid T-T energy transfer occurs in the nanosecond time scale (20-
200 ns).2 This process is relatively slow compared to that in the light-harvesting complex II 
(LHCII) of green plants, which has not been measured but is known to be much faster.2 It has 
been surmised that such ultrafast quenching of the normal triplet of the chlorophylls was an 
example of a molecular photoprotective adaptation of importance during the evolution of oxygenic 
photosynthesis. 
To understand in detail how to control the rate of T-T energy transfer between 
tetrapyrroles and carotenoids it is essential to measure the rate constant of the T-T energy 
transfer as a function of the electronic coupling between the chromophores and the driving force 
for the process. This fundamental knowledge is needed if photoprotection is to be incorporated 
into artificial photosynthetic systems. It can be envisioned that such systems can help meet 
humanity’s needs in terms of renewable energy.  
In this work a series dyads where prepared consisting of a carotenoids of different carbon 
conjugated length and a phthalocyanine held together by an amide linkage. The amide 
functionality has been shown to be stable and to provide a good electronic coupling between 
carotenoids and phthalocyanines.3,6,7,16 The phthalocyanine has been metallated with palladium 
in order to increase the rate of intersystem crossing due the heavy metal effect. 90,91 The dyads 
contain carotenoids of varying conjugation lengths, 9, 10, and 11 conjugated double bonds. The 
carotenoid and the phthalocyanine absorb in different regions of the visible spectrum so that 
excitation of the phthalocyanine does not overlap with the excitation of the carotenoid. This allows 
the selective excitation of the phthalocyanine whose singlet excited state due to the palladium 
decays very fast forming its triplet state in high yield and the rate of the subsequent (T-T) energy 
transfer to the carotenoid can be clearly determined.  
Results and Discussion 
Synthesis 
The synthesis of the asymmetrical palladium phthalocyanine (Pc) was obtained by the 
condensation reaction of 4-hexanamidophthalonitrile3 and 3,6-dibutoxyphthalonitrile, in the 
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presence of PdCl2. Those reagents were heated to reflux in butanol in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) to yield the statistical mixture of phthalocyanines. Thin 
layer chromatography (TLC) of the crude reaction showed four main products: the less polar 
palladium 1,4,8,11,15,18,22,25-octabutoxyphthalocyanine side product, the desired 
phthalocyanine Pc, the more polar palladium15,18-22,25-tetrabutoxy-2,9-
dihexanamidophthalocyanine side product, and the very polar palladium 22,25-dibutoxy-2,9,16-
trihexanamidophthalocyanine side product. Due to the polarity differences between the four 
products, separation was achieved by using silica column chromatography to yield Pc (1% yield). 
The amido group of Pc was hydrolyzed using base to form an amine, yielding palladium 2-amino-
8,11,15,18,22,25-hexabutoxyphthalocyanine (99% yield). To prepare the dyads, the carboxylic 
acid carotenoids of varying double bond conjugation lengths (9, 10, and 11 double bonds) were 
synthesized following a previously published procedure.94 The coupling of the carboxylic acid 
carotenoids to the aminophthalocyanine was done using an EDCI (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) coupling in chloroform using DMAP (4-dimethylaminopyridine) 
as the base. Each dyad was purified using silica column chromatography and multiple preparative 
TLCs to give Dyad 9 in a 12% yield, Dyad 10 in a 18% yield, and Dyad 11 in a 9.8% yield.  
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Figure 38. Molecular structures of the phthalocyanine reference and the carotenophthalocyanine 
dyads with 9 (Dyad 9), 10 (Dyad 10), and 11 (Dyad 11) double bonds. 
Spectroscopy 
Steady-state absorption.  
Figure 39 shows the absorption spectra of Dyad 9, Dyad 10, Dyad 11 and the reference 
phthalocyanine (Pc) in toluene. The absorption with maximum at ~320 nm corresponds to the 
Soret band of Pc and those with maxima at 650 nm and 720 nm are the Q bands of Pc. The 
broad absorption bands between ~ 400 and 550 nm are mostly associated with carotenoids.  
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Figure 2. Absorption spectra in toluene of Dyad 9, Dyad 10, Dyad 11, and Pc. 
Time resolved fluorescence. 
Time-resolved fluorescence measurements for Dyad 10 (Figure 3) showed ultrafast (10 
ps) decay of singlet excited state of the Pc forming its triplet excited state; similar results were 
obtained for other dyads and model Pc (not shown).Figure 3. Fluorescence kinetics at 750 nm 
(symbols) and single exponential fit (red line) for Dyad 10 measured by means of the time-
correlated single-photon-counting technique with excitation at 700 nm. The instrument response 
function is shown as blue line. 
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Figure 39. Fluorescence kinetics at 750 nm (symbols) and single exponential fit (red line) for 
Dyad 10 measured by means of the time-correlated single-photon-counting technique with 
excitation at 700 nm. The instrument response function is shown as blue line. 
Transient absorption spectroscopy.  
Because carotenoids have no absorption at >700 nm, it was possible to selectively excite 
the phthalocyanine at those wavelengths in the transient absorption experiments. The global 
analysis of the transient absorption data obtained with 700 nm excitation for each compound 
dissolved in toluene gives the decay-associated spectra (DAS) shown in Figure 40. For Pc four 
DAS with time constants of 0.5 ps, 11 ps, 90 ps, and a nondecaying on a 1 ns time scale 
component, are associated with the decay of the Pc excited states. The 11ps DAS shows the 
decay of the Pc singlet excited state forming 3Pc (intersystem crossing) with the characteristic 
triplet excited state induced absorption at around 600 nm. The 0.5 ps DAS and 90 ps DAS are 
associated with the relaxation/solvation of the Pc singlet and triplet excited states, respectively; 
they show the characteristic derivative like feature (positive amplitude on a red side of the 
bleaching band and negative amplitude on the blue side) associated with the red shift and 
increase of the Q band bleaching at ~710 nm. The non-decaying DAS is associated with decay of 
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3Pc showing the characteristic induced absorption at around 600 nm and Q band bleaching at 
~710 nm. 
The global analysis of the transient absorption data for Dyad 9 gave four DAS with time 
constants of 2 ps, 10 ps, 126 ps, and a nondecaying component (Figure 40 b). The 10 ps DAS is 
associated with the decay of the Pc singlet-excited state to form 3Pc (intersystem crossing), 
because it shows the formation/rise (negative amplitude) of the induced absorption at around 600 
nm. The 126 ps DAS is associated with the T-T energy transfer between 3Pc and 3Car, because it 
shows the rise of the induced absorption characteristic of the 3Car at around 530 nm, and 
simultaneous decay of the ground state bleaching at 710 nm associated with 3Pc. The 
nondecaying DAS is associated with the decay of 3Car to the ground state; this transient also 
shows a bleaching band at ~710 nm associated with the Pc. This phenomenon is a characteristic 
of strongly coupled carotenoid-tetrapyrrole systems and its presence has been known for a while, 
but its origin is not understood. These results indicate that the triplet-triplet energy transfer from 
the 3Pc to the triplet excited state of the 9 double bond carotenoid in Dyad 9 occurs in 126 ps. 
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Figure 40. Decay-associated-spectra in toluene for the model phthalocyanine (a), Dyad 9 (b), 
Dyad 10 (c) and Dyad 11 (d) obtained from transient absorption data upon excitation at 700 nm. 
On the 1 ns time delay window the 3Pc and 3Car transient species of dyads do not decay and are 
shown as constants. 
For Dyad 10 the global analysis of the transient absorption data gave four DAS with time 
constants of 2 ps, 10 ps, 81 ps, and a nondecaying component (Figure 40 c). Similar to Dyad 9, 
the 10 ps DAS is associated with the formation of 3Pc (intersystem crossing) as was observed in 
the model Pc and Dyad 9 transient absorption analysis. The 81 ps DAS in Dyad 10 corresponds 
to the T-T energy transfer from 3Pc to 3Car, since again the characteristic 3Car induced absorption 
at around 550 nm is being formed (negative amplitude), and simultaneously the decay of the 
ground state bleaching of 3Pc at 710 nm is being observed. These results indicate that the T-T 
energy transfer from the 3Pc to the 10 double bond carotenoid triplet in Dyad 10 occurs in 81 ps, 
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which is faster than for Dyad 9. This is expected because of the larger driving force for the T-T 
energy transfer with the longer carotenoid.27 The nondecaying DAS is associated with the decay 
of 3Car. In Dyad 11 the picture is similar to that of Dyad 9 with DAS, of 2ps, 10 ps, 132 ps, and a 
non-decaying component (Figure 40 d).  
These results indicate that the T-T energy transfer from the 3Pc to the 11 double bond 
carotenoid triplet in Dyad 11 occurs in about 132 ps, which is longer than in the case of Dyad 10 
and does not fit the expected trend for thermodynamic driving force for the T-T energy transfer 
process. This could be due to a reduced orbital overlap between the Pd-phthalocyanine and the 
11 double bond carotenoid and therefore less coupling compared to the 10 double bond 
carotenoid. Interestingly, the rate of T-T energy transfer is essentially the same for the triads 
containing carotenoids with 9 and 11 double bonds and is faster for the triad containing a 
carotenoid with 10 double bonds (Figure 5). 
 
Figure 41. Decay kinetics and exponential fit (lines) at 710 nm for Dyad 9 (squares), Dyad 10 
(circles) and Dyad 11 (triangles) showing transient absorption decay due to the T-T energy 
transfer from 3Pc to 3Car. The decay kinetics has been normalized after the constant component 
subtraction. 
 
Theoretical calculations  
Geometry optimizations and electronic structure calculation of the ground state of all 
systems were performed with Gaussian 09 (Revision E.01)67 using B3LYP68,69 functional and 
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LANL2DZ basis set for Palladium and 6-31G* for the rest of the atoms. The T-T electronic 
coupling calculations were obtained using the fragment spin difference method (FSD)95 
implemented in Q-Chem package (Version 4.0.1) 96 at the CIS level and with the same basis sets 
as the ground state calculations.  
The calculated T-T electronic couplings were 5.46 cm-1, 5.64 cm-1 and 4.15 cm-1  for Dyad 
9, 10 and 11, respectively, in agreement with our transient absorption kinetics, where the T-T 
electronic coupling for Dyad 10 is the highest among the three systems resulting in a faster T-T 
energy transfer compared to Dyad 9 and Dyad 11. 
To understand this trend, we first analyzed the molecular structure of the Dyads and 
found that the torsion angle of the amide linker that connects the Pd phthalocyanine and the 
carotenoid is 0.266˚, 0.142˚ and 0.284˚ for Dyad 9, Dyad 10 and Dyad 11, respectively. This 
clearly correlates with the trend observed for the T-T electronic coupling. A higher value of the 
torsion angle of the linker usually results in a lower value of the donor-acceptor electronic 
coupling. This minor difference on the torsion angle comes from a methyl effect, which is an 
electron donating group and it is adjacent to the amide linker for Dyad 9 and Dyad 11 but not for 
Dyad 10 as seen in Figure 38. For a better insight, we built model systems to analyze the methyl 
effect. Dyad 9’ and Dyad 11’ do not have a methyl group adjacent to the amide linker while Dyad 
10’ now includes a methyl in contrast with Dyad 10  (Figure ).  
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Figure 42. Sketch of the model systems to evaluate the methyl effect on the electronic structure 
of the molecules. The red circle indicates the modified region. 
Figure 43 presents the torsion angle analysis of all systems, the lower values were 
obtained when the methyl group was absent while the higher values were found when the methyl 
group was present. Nonetheless, we think that the methyl effect is mainly electronic rather than 
conformational since those small angle differences are probably not overcome at room 
temperature. 
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Figure 43. Change in the amide dihedral angles of Dyad 9, Dyad 10 and Dyad 11. It can be 
noticed that although there is a change in the trend depending on the position of the methyl 
group, it is not a linear correlation. 
Therefore, we analyzed the frontier molecular orbitals of the molecules. As expected, 
there is no delocalization of the frontier orbitals across the structure and there is a clear 
localization on either the Pd phthalocyanine region or the carotenoid region as seen in Figure 44 
for Dyad 9. We focus on these set of orbitals since they are the ones involved in the energy 
transfer process. We found that there are no major differences on the energies of the molecular 
orbitals of the Pd phthalocyanine between the dyads, nonetheless, we see energy fluctuation of 
the HOMO and LUMO of the carotenoids between the systems mainly due to the 
presence/absence of the methyl group.
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Figure 44.  Molecular orbitals of Dyad 9 as a representative system.  
The calculated energies of the HOMO and LUMO of the carotenoids show a linear trend 
between the dyads without the methyl group (red line Figure 45) as well as for the dyads with the 
methyl group (blue line Figure 45). And for the experimental dyads (Dyad 9, Dyad 10 and Dyad 
11) we observe that the trend is not linear. 
This leads us to conclude that methyl groups near the amide linker has a direct effect on 
the energy levels and the torsion angle. The absence of such methyl group in Dyad 10, induces a 
higher T-T electronic coupling and a faster T-T energy transfer which is in contrast with what we 
expected initially only considering the thermodynamics of the energy levels based on the length 
of the carotenoid.  
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Figure 45. Energy change in molecular orbitals corresponding to the Car moiety of Dyad 9, Dyad 
10 and Dyad 11. It can be noticed that there is a more linear correlation depending on the 
position of the methyl group nearest the amide linker. 
Conclusions 
The intersystem crossing for the Pd-phthalocyanine occurs in 10 ps and the triplet-triplet 
energy transfer from the Pd-phthalocyanine to the carotenoid is between 80 ps and130 ps, 
depending on the nature of the carotenoid in the dyad. Usually, the driving force correlates with 
the T-T energy transfer rate and therefore it is expected that the longer the carotenoid conjugated 
chain the faster the T-T energy transfer would occur.  However, our results indicate that the T-T 
energy transfer for Dyad 9 and Dyad 11 is slower than it is for Dyad 10. It is possible that the 
wavefunction overlap for the 10 double bond carotenoid triplet excited state and the triplet excited 
state of the Pd-phthalocyanine is better than that for the 9 and 11 double bond carotenoids. In 
order to confirm this hypothesis, molecular mechanics and quantum mechanics calculations have 
been performed. The electronic coupling for Dyad 10 is stronger than for Dyads 9 and 10, which 
is in agreement with the spectroscopic experiments. This result could be due to the electronic 
effect caused by the methyl group adjacent to the amide linker. 
Experimental 
General analytical 
Steady state UV–visible spectra were obtained with a Shimadzu UV-2559 UV–visible 
spectrophotometer. Mass spectrometry was were obtained with a Voyager DE-STR matrix-
assisted laser desorption/ionization time-of-flight spectrometer (MALDI-TOF), equipped with a 60 
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Hz laser, using (1E, 3E)-1,4-diphenylbuta-1,3-diene (DPB) as a matrix. The reported mass is the 
most abundant isotope observed. Calculated values are listed after the experimental result for 
comparison.  The 1H-NMR spectra were taken on a Varian spectrometer at 400 MHz Samples 
were prepared using deuterated solvents and with 0.03% tetramethylsilane as an internal 
standard. 
Time resolved fluorescence.  
Fluorescence decay measurements were performed by the time-correlated single-
photon-counting method. The excitation source was a fiber supercontinuum laser based on a 
passive mode locked fiber laser and a high-nonlinearity photonic crystal fiber supercontinuum 
generator (Fianium SC450). The laser provides 6-ps pulses at a repetition rate variable between 
0.1 – 40 MHz. The laser output was sent through an Acousto-Optical Tunable Filter (Fianium 
AOTF) to obtain excitation pulses at desired wavelength of ca. 450-900 nm. Fluorescence 
emission was detected at the magic angle using a double grating monochromator (Jobin Yvon 
Gemini-180) and a microchannel plate photomultiplier tube (Hamamatsu R3809U-50). The 
instrument response function was 35-55 ps. The spectrometer was controlled by software based 
on the LabView programming language and data acquisition was done using a single photon 
counting card (Becker-Hickl, SPC-830. The data analysis was carried out using a locally written 
software (ASUFIT) developed in the MATLAB environment (Mathworks Inc.). Data were fitted as 
a sum of exponential decays, which were reconvoluted with the appropriate instrument response 
function. Goodness of fit was established by examination of residuals and the reduced χ2 value. 
Transient absorption 
Femtosecond to nanosecond transient absorption measurements were acquired with a 1 
kilohertz pulsed laser source and a pump-probe optical setup. Laser pulses at 800 nm (c.a. 100 
fs) were generated from an amplified, mode-locked titanium sapphire kilohertz laser system 
(Millennia/Tsunami/Spitfire, Spectra Physics). Part of the laser pulse energy was sent through an 
optical delay line and focused onto a 3 mm sapphire plate to generate a white light continuum for 
the probe beam. The remainder of the pulse energy was used to pump an optical parametric 
amplifier (Spectra Physics) to generate excitation pulses at 700 nm, which were selected using a 
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mechanical chopper. The white light generated was compressed by prism pairs (CVI) before 
passing through the sample. The polarization of the pump beam was set to the magic angle 
(54.7°) relative to the probe beam and its energy was adjusted to 200 nJ using a continuously 
variable neutral density filter. The beams were focused in a 2 mm path-length quartz cuvette to a 
~400 m diameter spot. The white light probe was dispersed by a spectrograph (300 line grating) 
onto a charge-coupled device (CCD) camera (DU420, Andor Tech.). The final spectral resolution 
was about 2.3 nm for over a nearly 300 nm spectral region. The instrument response function 
was ca. 100 fs. The decay-associated spectra (DAS) were obtained by fitting globally the 
transient absorption kinetic traces over a selected wavelength region simultaneously as described 
by equation (1) (parallel kinetic model). 99 
(1) 
where A(,t) is the observed absorption change at a given wavelength at time delay t and n is 
the number of kinetic components used in the fitting. A plot of Ai() versus wavelength is called a 
Decay Associated Spectra (DAS) and represents the amplitude spectrum of the ith kinetic 
component, which has a lifetime of i. Random errors associated with the reported lifetimes 
obtained from transient absorption measurements were typically  5%.  
Synthesis 
The 4-hexanamidophthalonitrile was synthesized following a previously published 
method.3 The ester carotenoids, methyl 8'-apo-β-caroten-8'-oate (9 double bonds), methyl 6'-apo-
β-caroten-6'-oate (10 double bonds), and methyl 4'-apo-β-caroten-4'-oate (11 double bonds), 
were prepared as described before,27 and the corresponding acids were obtained by base 
catalyzed hydrolysis. 
Palladium-8,11,15,18,22,25-hexabutoxy-2-hexanamidophthalocyanine (Pc). Portions of 4- 
hexanamidophthalonitrile (456 mg, 1.89 mmol), 3,6-dibutoxyphthalonitrile (1.50 g, 5.67 mmol), 
and PdCl2 (603 mg, 3.40 mmol) were dissolved in 30 ml of butanol, heated to 45 °C, and bubbled 
with argon for 15 min. A portion of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 3.39 ml) was added 
     
1
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n
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i
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and the solution was heated to 118 °C. The reflux was kept overnight under a blanket of argon. 
The green mixture was cooled to room temperature and 100 ml of a water/chloroform mixture 
(1:1) was added. The organic layer was extracted, dried over NaSO4, and filtered. The solvent 
was concentrated by rotary evaporation. The product was purified by column chromatography 
(silica gel, 1 % MeOH/10 % ethyl acetate/CHCl3). Palladium-8,11,15,18,22,25-hexabutoxy-2-
hexanamidophthalocyanine was obtained in 1.05 % yield (23 mg). 1H-NMR δ ppm (20% Pyridine-
d/CDCl3): 1.09 (t, J = 7.4, 7.4 Hz, 3H), 1.27 (m, 18H), 1.70 (m, 4H), 2.24 (q, 2H), 2.39 (t, J = 7.5, 
7.5 Hz, 2H), 3.20-5.20 (m, 36H), 6.85 (d, J = 8.7 Hz, 1H), 7.13 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 9.6 
Hz, 1H), 7.52 (d, J = 9.3 Hz, 1H), 7.64 (m, 2H), 8.31 (d, J = 7.8 Hz, 1H), 9.26 (d, J = 7.9 Hz, 1H), 
10.03 (s, 1H), 10.84 (s, 1H). MALDI-TOF: m/z obsd. 1163.46 calc. for C62H75N9O7Pd 1163.48. 
UV/vis λmax (95% CHCl3 / 5% MeOH): 327, 647, and 721 nm. 
Palladium-2-amino-8,11,15,18,22,25-hexabutoxyphthalocyanine. The hexanamidophthalocyanine 
obtained in the above reaction (20.4 mg, 17.6 μmol) was dissolved in 10 ml of THF and 5 ml of a 
saturated methanolic solution of KOH. The solution was heated to 65 °C and stirred overnight. 
The reaction mixture was diluted with chloroform and washed with water (three times). The 
organic layer was dried over Na2SO4 and filtered, and the solvent was removed by rotary 
evaporation. The desired palladium 2-amino-8,11,15,18,22,25- hexabutoxyphthalocyanine (18.5 
mg) was obtained in 99 % yield. MALDI-TOF: m/z obsd. 1065.32 calc. for C56H65N9O6Pd 1065.41. 
UV/vis λmax (95% CHCl3 / 5% MeOH): 324, 647, and 721 nm. 
Dyad 9. The 8'-apo-β-caroten-8'-oic acid (28.5 mg, 65.7 μmol) and palladium 2-amino-
8,11,15,18,22,25-hexabutoxyphthalocyanine (35 mg, 32.9 μmol) were dissolved in 45 mL of dry 
chloroform. While under argon, EDCI (68.9 mg, 0.36 mmol) and DMAP (224 mg, 1.83 mmol) 
were added. The reaction was stirred overnight at room temperature under a blanket of argon. 
The solvent was removed by rotary evaporation and the product was purified by column 
chromatography (silica, 2 % MeOH/DCM). The product was then purified by two preparative 
TLCs, the first in 1 % MeOH/5 % ethyl acetate/chloroform and the second in 2 % MeOH/DCM. 
Dyad 9 (5.7 mg) was obtained in 12 % yield. 1H-NMR δ ppm (5% pyridine-d/CDCl3): 0.68 (m, 6H), 
0.88 (m, 18H), 1.02 (m, 4H), 1.10 (m, 6H), 1.18 (s, 2H), 1.65 (m, 15H), 1.98 (m, 6H), 2.30 (m, 
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12H), 4.98 (m, 12H), 6.21-6.85 (m, 11H), 7.11 (d, J = 9.0 Hz, 1H), 7.37 (m, 1H), 7.51 (m, 1H), 
7.71 (m, 1H), 8.04 (d, J = 8.1 Hz, 1H), 8.45 (d, J = 9.3 Hz, 1H), 9.22 (s, 2H), 9.44 (s, 1H), 9.62 (s, 
1H), 10.14 (s, 1H).  MALDI-TOF: m/z obsd. 1479.98 calc. for C86H103N9O7Pd 1479.70. UV/vis λmax 
(95% CHCl3 / 5% MeOH): 330, 454, 648, and 722 nm. 
Dyad 10 was prepared by the same procedure described for Dyad 9 except using 6'-apo-β-
caroten-6'-oic acid (6.8 mg, 18% yield). 1H-NMR δ ppm (5% pyridine-d/CDCl3): 0.68 (m, 6H), 0.88 
(m, 18H), 1.02 (m, 4H), 1.10 (m, 6H), 1.18 (s, 2H), ), 1.65 (m, 15H), 1.98 (m, 6H), 2.30 (m, 12H), 
4.98 (m, 12H), 6.05-6.87 (m, 13H), 7.07 (d, J = 12.1 Hz, 1H), 7.50 (m, 1H), 7.60 (m, 1H), 7.71 (m, 
1H), 8.04 (d, J =  8.2 Hz, 1H). 8.38 (s, 1H), 9.22 (s, 2H), 9.67 (s, 1H), 9.74 (s, 1H), 9.95 (s, 1H). 
MALDI-TOF: m/z obsd. 1505.70 calc. for C88H105N9O7Pd 1505.72. UV/vis λmax (95% CHCl3 / 5% 
MeOH): 327, 470, 650, and 725 nm.  
Dyad 11 was prepared by the same procedure described for Dyad 9 except using 4'-apo-β,y-
caroten-4'-oic acid (8.1 mg, 9.8% yield). 1H-NMR δ ppm (5% pyridine-d/CDCl3): 0.68 (m, 6H), 
0.88 (m, 18H), 1.02 (m, 4H), 1.10 (m, 6H), 1.18 (s, 2H), 1.65 (m, 15H), 1.98 (m, 6H), 2.30 (m, 
12H), 4.98 (m, 12H), 6.05-6.88 (m, 15H), 7.07 (d, J =  10.4 HZ, 1H), 7.46 (d, 1H), 7.52 (m, 1H), 
7.60 (m, 2H), 8.38 (s, 1H), 8.52 (d, J = 8.1 Hz, 1H), 8.93 (s, 1H), 9.23 (d, , J =  7.9 Hz, 1H), 9.48 
(s, 1H), 9.55 (s, 1H). MALDI-TOF: m/z obsd. 1545.83 calc. for C91H109N9O7Pd 1545.75. UV/vis 
λmax (95% CHCl3 / 5% MeOH): 330, 482, 649, and 723 nm. 
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6.2. Molecular Conformation Governs Quenching Mechanism in an Artificial Caroteno-Phthalocyanine 
Light Harvesting Antenna 
 
6.2.1.  Introduction  
Nonphotochemical quenching (NPQ) protects photosynthetic organisms from 
photodamage by dissipating excited state energy to heat, however, it limits the energy conversion 
efficiency.99 Understanding the mechanisms for NPQ could provide knowledge about how to 
control this process. Across the classes of photosynthetic organisms, there are different types of 
NPQ (qE, qI and qT). 100  qE is the most rapid component of NPQ in plants and algae (timescale 
in seconds to minutes) and it is triggered by a decrease in pH in the lumen side of the 
photosynthetic membrane. 9 Artificial light harvesting antennas consisting of phthalocyanine and 
carotenoid (Pc-Car) dyads and triads, have been used as biomimetic models to obtain 
mechanistic insights of NPQ.101-103 Berera et al. demonstrated that a dyad where Pc and Car are 
connected through an amide linker has efficient energy transfer from Pc to the carotenoid S1 
state. Studies have shown the carotenoid S1 state can be either an energy donor or an energy 
acceptor, depending on its conjugation length.104 There are different models where the excited 
state of the tetrapyrrole has been shown to be quenched by the carotenoid through energy 
transfer, charge transfer or excitonic coupling (Figure 46).76,105 
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Figure 46. Different quenching mechanisms for NPQ: (1) quenching via short-lived charge 
separated state, (2) quenching via energy transfer to the carotenoid dark S1 state and (3) 
quenching via formation of a short lived Pc-Car coupled state. Figure taken from reference 76 
 
It is observed in this project that one phthalocyanine-carotenoid dyad (Figure 47) can 
undergo quenching by different mechanisms like energy transfer and excitonic coupling. The 
dyad consist of a Zn-phthalocyanine and a carotenoid with 10 double bonds plus a phenyl moiety. 
The carotenoid and phthalocyanine are linked through just the phenyl linker. The synthesis was 
performed by Dr. Smitha Pillai at Arizona State University and the photophysics measurements 
were performed by Janneke Ravensbergen at The Free University of Amsterdam, The 
Netherlands. It has been suggested a conformational effect in the dyad as the cause for the 
different quenching mechanisms in the same model compound, therefore DFT studies were 
performed in order to obtain a deeper understanding of the possible mechanisms.  
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Figure 47. Structure of the phthalocyanine-carotenoid dyad. 
 
6.2.2. Results and Discussion 
The transient absorption spectra of the phthalocyanine reference (Pc-ref) upon excitation 
at 670 nm shows a singlet excited state lifetime at 3 ns and a triplet spectrum which do not decay 
in the ~4 ns time scale. There are small changes in the spectrum with time constants of 192 fs 
and 2.3 ps. The evolution associated difference spectra (EADS, see SI)) for the dyad upon 
excitation at 670 nm are more complex with three different decays (348 fs, 3.6 ps, 77 ps, 213 ps 
and 2.7 ns). The ground state bleach of Pc is also observed at 690 nm and Pc vibronic states are 
observed at 615 nm. (Figure 48). It is generally concluded that in the majority of the molecules 
the singlet excited state of Pc is quenched with respect of Pc-ref.  
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Figure 48. EADS resulting from global analysis of the dyad in toluene upon excitation at 670 nm. 
Data obtain from Janneke Ravensberger. 
 
A comparison of the 192 fs and 348 fs EADS of Pc-ref and the dyad shows the excited 
state absorption (ESA) signal at wavelengths shorter than 545 nm is lower for the dyad, while the 
ESA signal between 545 nm and 615 nm is higher. Kloz et al. has reported similar result with 
phthalocyanine-carotenoid dyads linked by a phenyl-amine moiety.76 This signal was interpreted 
as a collective Pc-car excited state, coming from the excitonic coupling of the phthalocyanine Q-
state and the carotenoid S1 state. When comparing the decay associated difference spectra 
(DADS, see SI) at 3.6 ps of the dyad and 2.3 ps of the Pc-ref, the dyad displays a positive 
amplitude below 550 nm and a negative amplitude between 550 and 670 nm, while the Pc-ref 
DADS remains silent below 670 nm. The positive signal present in the dyad DADS is typical of 
the carotenoid S1 state on a time scale reported for internal conversion104 The population of car 
S1 state is found on a longer time scale than its decay time, which suggest an energy transfer 
mechanism for NPQ, similar to the results observed by Berera at al. 
The spectra features decays on different timescales that can be seen in the normalized 
DADS (Figure 49). The 2.7 ns (magenta) and non-decaying (cyan) time-constants and the 
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corresponding spectra are similar to the singlet and triplet decay DADS found for Pc-ref. It implies 
a population of non-quenched phthalocyanine. The 77 ps and 213 ps time constants do not have 
analogs on the Pc-ref components. The 77 ps component has a larger carotenoid S1 contribution, 
which can be interpreted as the excitonically coupled decay; while the 213 ps component has a 
smaller fractional decay, which could be assigned to inverted kinetic energy transfer process.  
The final triplet state is observed at 520 nm and 550 nm. The 550 nm signal is typical for 
carotenoid triplet, but the phthalocyanine triplet displayed a maximum at 505 nm. The 520 nm 
maximum can be described as a delocalized triplet on the Pc and car. 
 
Figure 49. DADS of the dyad in toluene upon 670 nm excitation, normalized at the minimum. 
Data obtain from Janneke Ravensberger 
 
The transient absorption data suggest three kinetic pathways for the deactivation of the 
excited state of Pc in the dyad: excitonic coupling, energy transfer and non-quenching. Because 
these are parallel pathways, it has been suggested that conformational changes in the dyad could 
lead to different kinetic pathways. The dyad can rotate through the phenyl-Pc bond, leading to 
different conformers. This rotation was studied by DFT calculations.  
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Geometry optimizations and electronic structure calculation of the ground state of 
phthalocyanine-carotenoid dyad were performed with Gaussian 09 (Revision E.01) using B3LYP 
functional and LANL2DZ basis set for Zinc and 6-31G* for the rest of the atoms.  After 
optimization of the ground state, it was performed a scan on the bond between the 
phthalocyanine and phenyl linker, in order to find different conformers and the energy barriers 
among them (Figure 5). 
 
Figure 50. Energy difference of different conformers generated by rotation of the bond between 
the phenyl linker and Pc (shown with the blue arrow).  
 
From Figure 50, it is clear that there are four conformers at 34.31˚, 144.31˚, 214.31˚ and 
324.31˚.  The structures with the phenyl-Pc linker angles at 34.31˚ and 324.31˚ have very similar 
energies and an energy barrier between each other of 1.52 kcal/mole. The energy barrier for the 
structures with the linker angles of 144.31˚ and 214.31˚ is 1.67 kcal/mole, and the energy 
difference between each other is minimal. It can be said that there are two conformers: conformer 
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1 (structures with linker angles of 34 and 324 degrees) and conformer 2 (structures with linker 
angles of 144 and 214 degrees). The energy difference between conformers 1 and conformers 2 
is minimal (0.063 kcal/mole) and the energy barrier is 3.03 kcal/mole.  
The main structural difference found from conformer 1 and conformer 2 is the alignment 
of the carotenoid with respect to the phthalocyanine. The top views of Figures 51 and 52 show 
the difference between conformer 1 and 2. Carotenoids are not planar molecules and a rotation 
on the linker bond changes the direction of the carotenoid with respect to the macrocycle in the 
dyad. The carotenoid extends more on the Y axis in conformer 1 while it extends more on the X 
axis in conformer 2, seemingly a more planar structure. We cannot observe a significant change 
on the Z axis (bottom view of Figures 51 and 52).   
An excitonic coupling pathway needs a very strongly coupled system. A more planar 
structure would extend the conjugated system, which would lead to a stronger electronic 
coupling. However, the dihedral angle between the phenyl group and the plane of Pc show 
minimal differences in the two conformers (34° vs. 36 °) so from this study it is difficult to assign 
which conformer is responsible for the energy transfer quenching mechanism and which is 
responsible for the excitonic coupling pathway.  Further computational studies, such as the 
determination of electronic coupling, have to be performed to fully understand the quenching 
pathways found in the studied dyad.  
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Figure 51. Different views of conformer 1. Top: view of dyad with the macrocycle on the plane of 
the paper.  Bottom: view of the dyad with the macrocycle perpendicular the plane of the paper. 
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Figure 52. Different views of conformer 2. Top: view from dyad top. Bottom: view from dyad side. 
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CHAPTER 7 
CONCLUSIONS 
The synthesis and characterization for new photosensitizers and biomimetic electron 
relays were performed successfully. The electron relay compounds were used to study PCET in 
simpler artificial photosynthetic systems. It was found that the mechanism for the proton coupled 
electron transfer in benzimidazole-phenol moieties (biomimics for tyrosine-histidine pair in PSII) is 
a concerted process. Solvent molecules, such as water and acetonitrile, have an effect on the 
intramolecular hydrogen bond between the OH of phenol and the nitrogen of benzimidazole. The 
benzimidazole distal N-H can also form hydrogen bonds with the surrounding solvent molecules. 
It has been suggested that the deprotonation of the distal N-H is involved in the proton exit 
pathway to the lumen side after oxidation of tyrosine Yz in the natural system.  
Benzimidazole-phenols derivatives were introduced in photoelectrochemical solar cell, 
due to the importance of PCET in natural photosynthesis. The photosensitizer in these PESC 
were porphyrins and phthalocyanines, and photocurrent density was observed after irradiation 
without applying any bias voltage. When the BIP moiety is directly attached to the water oxidation 
catalyst (IrO2) the photocurrent density increases by almost four times. Similar effect was 
previously observed in similar systems with ruthenium dyes.  
In order to gain further insight on the different hydrogen bonds (intramolecular and 
intermolecular) in BIP derivatives, computational and NMR studies were done. The results were 
in accordance with previous studies, showing an important effect on solvation by polar solvents. 
When substituents are directly attached to the benzimidazole moiety, resonance and inductive 
effects involving these substituents play an important role on the strength of the intramolecular 
hydrogen bonds of the system. 
Besides PCET, other processes in artificial photosynthetic constructs have been studied. 
Triplet-triplet energy transfer and non photochemical quenching in carotenoid-phthalocyanine 
systems were studied theoretically by DFT calculations. Small conformational changes affect the 
electronic coupling between the carotenoid and the phthalocyanine, and consequently the triplet-
triplet energy transfer rate (subchapter 6.1). Even different NPQ pathways in a related compound 
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appear to be dependent on the conformational arrangement between the chromophores 
(subchapter 6.2). 
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Permission was granted to use the paper: DOI: 10.1038/nchem.1862 as a chapter in this 
dissertation. 
The NMR experiments performed on the BIPs derivatives were 1HNMR, COSY, HMBC 
and HSQC. The 1HNMR spectra were done in different solvents (CDCl3, DMSO-d6, ACN-d3 and 
acetone-d6). All 2D NMR experiments were done in acetone-d6. Temperature dependent 1HNMR 
experiments were obtained with a Varian 400MHz NMR spectrometer; 1HNMR, COSY, HMBC, 
HSQC and 1H-15NHSQC experiments were obtained with Varian 500MHz NMR spectrometer and 
Bruker 400MHz NMR spectrometer. All data was analyzed with MestReNova. Integration, J 
couplings and multiplicity of signals for each individual BIP derivative can be found in chapter 2. 
 
 
Figure S1.1. 1HNMR of BIP-COOH using DMSO-d6 as solvent at 25˚C. 
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Figure S1.2. COSY of BIP-COOH using acetone-d6 as solvent at 25˚C. 
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Figure S1.3. HSQC of BIP-COOH using acetone-d6 as solvent at 25˚C. 
 
Figure S1.4. HMBC of BIP-COOH using acetone-d6 as solvent at 25˚C. 
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Figure S1.5. 1HNMR of BIP-COOMe using CDCl3 as solvent at 25˚C. 
 
Figure S1.6. 1HNMR of BIP-COOMe using benzene-d6 as solvent at 25˚C. 
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Figure S1.7. COSY of BIP-COOMe using acetone-d6 as solvent at 25˚C. 
 
Figure S1.8. HSQC of BIP-COOMe using acetone-d6 as solvent at 25˚C. 
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Figure S1.9. HMBC of BIP-COOMe using acetone-d6 as solvent at 25˚C. 
 
Figure S1.10. 1HNMR of BIP-CONH2 using CDCl3 as solvent at 25˚C. 
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Figure S1.11. 1HNMR of BIP-CONH2 using acetonitrile-d3 as solvent at 25˚C. 
 
Figure S1.12. 1HNMR of BIP-CONH2 using DMSO-d6 as solvent at 25˚C. 
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Figure S1.13. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at 30˚C. 
 
Figure S1.14. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at 35˚C. 
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Figure S1.15. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at 40˚C. 
 
Figure S1.16. 1HNMR of BIP-CONH2 using acetone-d6 as solvent at 45˚C. 
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Figure S1.17. COSY of BIP-CONH2 using acetone-d6 as solvent at 25˚C.  
 
Figure S1.17. HSQC of BIP-CONH2 using acetone-d6 as solvent at 25˚C.  
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Figure S1.18. HMBC of BIP-CONH2 using acetone-d6 as solvent at 25˚C.  
 
Figure S1.19. COSY of BIP-CONEt2 using acetone-d6 as solvent at 25˚C.  
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Figure S1.20. HSQC of BIP-CONEt2 using acetone-d6 as solvent at 25˚C.  
 
Figure S1.21. HMBC of BIP-CONEt2 using acetone-d6 as solvent at 25˚C.   
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Geometry optimizations and electronic structure calculation of the ground state of all 
systems were performed with Gaussian 09 (Revision E.01) using B3LYP functional and 
LANL2DZ basis set for Palladium and 6-31G* for the rest of the atoms. The authors have given 
permission to use the manuscript in chapter 6.1 as part of this dissertation. 
 
Figure S2.1. Molecular orbitals and energy levels of model compound for dyad 9. 
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Figure S2.2. Molecular orbitals and energy levels of model compound for dyad 10. 
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Figure S2.3. Molecular orbitals and energy levels of model compound for dyad 11.  
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Figure S2.4. Comparison of molecular orbitals and energy levels of model compound for dyad 9, 
dyad 10 and dyad 11. 
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Figure S2.5. Molecular orbitals and energy levels of model compound for dyad 9’. 
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Figure S2.6. Molecular orbitals and energy levels of model compound for dyad 10’. 
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Figure S2.7. Molecular orbitals and energy levels of model compound for dyad 11’. 
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The dyad and the Pc-ref were studied by transient absorption spectroscopy. The global 
analysis of the transient data can be done sequentially or parallel. When the global analysis is 
done sequentially results in the evolution associated difference spectra (EADS) and it tracks the 
evolution of the excited states in the system. A parallel analysis leads to the decay associated 
difference spectra (DADS) and is interpreted as the loss or gain of absorption in a certain 
lifetime.105 All EADS and DADS data was obtained from Jenneke Ravensberger.  
 
 
Figure S3.1. Structure of Pc-ref (Zn-phthalocyanine) 
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Figure S3.2. Absorption spectra of the dyad and Pc-ref in toluene, normalized at the maximum. 
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Figure S3.3. Initial EADS of the dyad (348 fs EADS) and Pc-ref (192 fs EADS) in toluene upon 
670 nm excitation. 
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Figure S3.4. Second DADS of the dyad (3.6 ps DADS) and Pc-ref (2.3 ps DADS) in toluene upon 
670 nm excitation. 
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Figure S3.5. EADS (top) and DADS (bottom) resulting from global analysis of Pc-ref in toluene 
upon 670 nm excitation. 
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Figure S3.6. DADS resulting from global analysis of the dyad in toluene upon 670 nm excitation. 
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Figure S3.7. EADS (top) and DADS (bottom) resulting from global analysis of dyad in toluene 
upon 530 nm excitation. 
  
